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Optical amplifiers play a central role in all categories of fibre communications systems 
and networks. By compensating for the losses exerted by the transmission medium and 

the components through which the signals pass, they reduce the need for expensive 
and slow optical-electrical-optical conversion. The photonic gain media, which are 

normally based on glass- or semiconductor-based waveguides, can amplify many high 
speed wavelength division multiplexed channels simultaneously. Recent research has 
also concentrated on wavelength conversion, switching, demultiplexing in the time 
domain and other enhanced functions. Advances in Optical Amplifiers presents up 
to date results on amplifier performance, along with explanations of their relevance, 

from leading researchers in the field. Its chapters cover amplifiers based on rare earth 
doped fibres and waveguides, stimulated Raman scattering, nonlinear parametric 
processes and semiconductor media. Wavelength conversion and other enhanced 
signal processing functions are also considered in depth. This book is targeted at 

research, development and design engineers from teams in manufacturing industry, 
academia and telecommunications service operators.
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Preface

Optical Ampliers and Their Applications in Networks

Optical ampliers are essential elements in advanced bre-based telecommunications
networks. They provide the means to counteract the losses caused by the  bre trans-
mission medium, the components placed in the propagation path and the power divi-
sion at optical splitt ers. Ampliers therefore facilitate the high global capacities, long 
transmission spans and multipoint-to-multipoint connectivity required for operation 
with growing data volumes. In their absence bre networks would need many more
optical-electrical-optical (O-E-O) converters for the electronic repeating, retiming and 
reshaping of attenuated and noisy bit streams. The consequences would be transmis-
sion at signicantly lower data rates, requiring numerous bres in each cable; more 
node buildings, often in expensive city centre locations; larger equipment cabinets, 
occupying valuable oor space; increased total power consumption, with its associated
environmental impact and, very importantly, higher operating costs to be passed on to 
the customer. For these reasons optical amplier technologies have been key enablers
en route to ubiquitous information availability.

All-optical amplication has found application in all categories of  bre network, 
whether they be single modulated wavelength or multi-channel operation through the 
use of wavelength division multiplexing (WDM). When incorporated in the tree topol-
ogy of a passive optical network (PON) for bre to the home (FTTH), a single ampli er 
module allows around one thousand customers to be served from one head end. Such 
“long reach PONs” offer considerable cost savings.

Ampliers in metropolitan area networks tend to be housed within node buildings 
that are interconnected by WDM “self-healing” bre rings. They enable operation with 
increased inter-node spans and ensure that the channel powers are suffi  cient for wave-
length routeing at the nodes by optical add-drop multiplexers. Wide area terrestrial 
networks, which are ring or mesh topologies, range in scope from the interlinking of a 
few towns to major trans-continental trunk routes. Operation is commonly with sever-
al dozen WDM channels, each at a data rate of 10 Gbit/s or above. Wavelength routeing, 
by optical cross-connects, is desirable but it is possible only if the signal powers and 
optical signal-to-noise ratios are maintained at high values throughout the transmis-
sion path by re-amplication at suitable locations. Owing to the demands of electrical
power feeds, the ampliers for terrestrial operation preferably reside in node buildings 
but this is not always possible in larger networks and reliable external electrical power-
ing is required. Innovations in remote optical pumping and distributed ampli cation
are promising in this context.
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A specialised but important application of optical ampli ers is in “repeaterless” sub-
sea transmission for festoon, island-to-mainland and island-to-island links with spans 
of up to a few hundred kilometres. Costly submerged repeaters and their associated 
electrical power supplies can oft en be eliminated by using distributed ampli cation 
and remote optical pumping and con ning all discrete ampli ers to the terminal 
buildings.

The longest span optical telecommunications networks traverse the world’s oceans. 
Their ampli ers are housed within repeaters, which are normally spaced every 40-60 
km over total transmission distances of up to 10 000 km. The ocean-bed is not readily 
accessible and reliability is vital to minimise the number of expensive and time-con-
suming repairs. Trans-oceanic systems are oft en designed for twenty- ve year work-
ing lives, indicating the faith that network operators now have in optical ampli er 
technology.

The applications described here easily justify the substantial investment in ampli er 
research and development that has taken place over the past three decades. However, 
what is now particularly impressive is that it is not a complete list of uses. Other do-
mains include the incorporation of ampli cation in computer interconnects. These can 
range from  bre-based local area networks (LANs) with star or ring topologies to serve 
a building or campus to multi-branched optical back-planes within supercomput-
ers. Another growing  eld is in bus, ring and star based  bre networks for sensors of 
many types. The know-how developed for telecommunications engineering thus has 
numerous potential applications in, for example, the structural monitoring of build-
ings, bridges and dams, site perimeter security, industrial process control, pollution 
detection, and human safety in the mining, aviation, nuclear power, oil extraction and 
chemical processing industries. 

The view presented so far is of the ampli er as a gain element, in which att enuated 
input signals pass through an appropriate photonic medium to emerge with signi -
cantly enhanced powers. However, research, especially in semiconductor media, has 
concentrated on other ampli er functionalities. When one or more high intensity sig-
nals traverse a suitable semiconductor optical ampli er (SOA) they experience various 
nonlinear eff ects. The most important are self- and cross-phase modulation, sum and 
diff erence frequency generation, four-wave mixing and cross-gain and cross-polarisa-
tion modulation. These phenomena, oft en in combination with advanced waveguide-
based interferometers, provide alternative device possibilities. Examples include: (i) 
wavelength converters, (ii) all-optical logic elements, (iii) photonic space switches, (iv) 
optical regenerators to repeat, retime and re-shape corrupted optical bit streams, (v) 
time domain demultiplexers for very high data rate signals consisting of picosecond 
pulses and (vi) optical clock-recovery modules for use at the receiver to overcome high 
frequency jitt er.

To take one example, wavelength converters, which off er greatest potential in wide 
area and metropolitan terrestrial networks, allow a channel to be transferred to an-
other carrier wavelength without O-E-O regeneration. This is a particularly desirable 
functionality in high capacity networks that must be recon gured by wavelength re-
routeing. Wavelength converters enable economies on the total number of channels 
and they avoid contention, where two diff erent data streams with the same carrier 
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wavelength converge on a common switch. By performing their function in the opti-
cal domain, wavelength converting semiconductor ampliers can thus allow a marked
reduction in the number of large racks of electronic equipment in node buildings, with 
an associated saving of oor space, energy consumption and cost.

The Main Amplier Types

A global overview of the main types of optical amplier for telecommunications is pre-
sented in Fig. 1 and it illustrates the diversity of the subject. Many categorisations are 
possible. In the one shown, the devices have two main congurations, both of which 
prot from the power connement offered by waveguiding, which is nearly always in 
the fundamental mode. They are: bre based and planar optical waveguide based. All 
of the bre ampliers and the erbium doped planar waveguide ampliers are optically 
pumped by launching light from one or more lasers into the waveguide along with the 
propagating signal(s). In contrast, semiconductor ampliers provide the population in-
version necessary to establish gain by the direct injection of electrical current into the 
active region via attached electrodes.

Fig. 1. The main types of optical ampliers for telecommunications, in which the func-
tions of semiconductor optical ampliers are a sample of those available. 

Fibre optical ampliers are cylindrical dielectric waveguides with a narrow diam-
eter core of relatively high refractive index, surrounded by a lower index cladding. 
Pumping is by a comparatively high power laser, normally with a shorter wavelength 
than the signals. The pump light can be launched to travel in the same or the opposite
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direction to the signals. As marked in Fig. 1, there are three main groups of operating 
mechanisms: (i) stimulated emission between resonant states, known as energy levels, 
provided by rare earth ions in the core, (ii) non-resonant processes called stimulated 
light scatt ering and (iii) parametric interactions between guided waves, using the �(3) 
nonlinear process of four wave mixing in the  bre. An important practical diff erence 
between them is that the ampli ers based on stimulated emission depend on the pres-
ence of a special ionic dopant in the  bre core, whereas those based on stimulated scat-
tering and parametric interactions do not.

The main type of rare earth doped  bre ampli er incorporates the trivalent erbium ion 
and is therefore known as the erbium doped  bre ampli er (EDFA). It can be optimised 
to provide gain in the 1530-1565 nm or 1570-1610 nm bands and it is the most widely 
commercialised ampli er for telecommunications. As products, EDFAs are commonly 
targeted at speci c markets, such as compact line ampli ers for cost-sensitive metro-
politan networks with only a few WDM channels or power ampli ers for very high 
capacity trunk systems. Other rare earth doped  bre ampli ers, such as thulium, pra-
seodymium and ytt erbium, show great promise for diverse applications in other op-
erating spectra. However, they normally consist of a special glass type, such as one 
of the  uorides, which imposes particular design, operation, fabrication and device 
challenges.

Two scatt ering processes have been used for ampli cation in  bres: stimulated Brillouin 
scatt ering (SBS) and stimulated Raman scatt ering (SRS). Brillouin ampli cation, which 
provides gain within a very narrow frequency band by contra-directional pumping, 
has found use in distributed optical sensing, signal processing for microwave photon-
ics and laboratory demonstrations with more futuristic domains, such as slow light, 
in mind. Fibre Raman ampli ers have been commercialised for WDM systems, using 
either existing telecommunications  bre or dispersion compensating  bre as broad-
bandwidth gain media and they are pumped at wavelengths that are available from 
high power semiconductor lasers. They can provide distributed ampli cation, which 
enables low total noise  gures, or discrete ampli cation, where one  bre can simulta-
neously provide gain and chromatic dispersion compensation. There are many reports 
of combining erbium and Raman ampli ers, especially for application in high capacity 
systems.

The nonlinear optical phenomenon of four wave mixing (FWM) occurs in WDM trans-
mission in optical  bres when the propagating wavelengths are in the vicinity of the 
wavelength of zero dispersion. The eff ect is normally to be avoided because it causes 
cross-talk. However, FWM can be bene cial by providing low noise and large band-
width “parametric” ampli cation with high peak gains. The gain band can be designed 
to coincide with any optical communications window by the provision of suitable high 
power pump lasers and the selection of appropriate pump and zero dispersion wave-
lengths. The preferred gain medium is “highly nonlinear  bre”, which is dispersion 
shift ed and has a narrow core diameter. Fibre parametric ampli ers off er phase-sensi-
tive operation, which is advantageous as it enables optical noise  gures below the 3 dB 
quantum limit for rare earth, Raman, Brillouin and semiconductor ampli ers. 

The smallest and potentially lowest cost category of ampli ers with the best wall plug ef-
 ciencies use semiconductor gain media. Their materials and planar waveguide format 
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allow integration with other photonic components, such as switches, lters, lasers and 
electro-absorption modulators, thereby enhancing their anticipated cost and size ad-
vantage over other ampli er types. The gain spectra of SOAs can exceed 100 nm and 
their proles are parabolic, which are easily spectrally  attened. Moreover, the whole
prole can be designed to exhibit a peak at any of the optical bre transmission wave-
lengths by appropriate selection of the ratios of their constituent materials. Operation 
in the 1460 – 1625 nm communications bands is achieved using group III-V InGaAsP/
InP (quaternary) systems, mainly with quantum well structures, but other materials,
particularly “dilute nitride” GaInNAs semiconductors, are also being explored.

Unfortunately, SOAs have some disadvantages when used merely as gain elements. It 
is difficult to achieve low loss coupling between (rectangular cross-section and high 
refractive index) semiconductor waveguides and (circular cross-section and low re-
fractive index) transmission bres. Such loss, especially at its input interface, increases 
an amplier’s total noise gure. Moreover, feed-back by facet reections leads to un-
wanted ripples in the gain spectrum, which must be suppressed by appropriate device
design. SOAs also tend to exhibit polarisation-dependent gain and up to 1 dB diff er-
ence between the TE and TM waveguide modes is common. SOAs do not make good 
power ampliers and multi-channel WDM operation can lead to cross-talk when op-
erating at 10 Gbit/s or above because the conduction band lifetime time is comparable 
to the bit period; modulation patterns from each channel are imposed on the others. 
The phenomenon is cross-gain modulation (XGM). However, as explained above, XGM 
(and other active phenomena in the gain media) can be turned to advantage to enable 
alternative amplier functionalities, such as photonic logic elements and wavelength
converters. Therein lies the great potential of semiconductor optical ampli ers.

Other developments have included erbium doped waveguide ampliers. These are 
glass planar optical congurations that aim to combine the useful gain bands and low 
noise gure characteristics of EDFAs with the potential for device integration and small 
package sizes exhibited by SOAs. To date, progress has been difficult; the peak gains 
and saturation output powers are relatively low, spectral gain  attening is demanding
and operation has been conned to the 1530-1565 nm band. Nevertheless, the ability to 
integrate a gain functionality with glass components, such as couplers and lters, and 
the possibility of host materials that are not readily fabricated in bre format are very
desirable.

Advances in optical ampliers for telecommunications have taken place in parallel 
with developments in laser physics, where the visible and ultra-violet spectra and fem-
to-second pulses are of great interest. It is to be hoped that these lines of investigation 
will in future converge with telecommunications engineering. Technology is most ben-
ecial to mankind when its practitioners are open to radically new approaches.

Organisation of the Book

The authors with whom I have had the pleasure to collaborate have writt en chapters 
that report recent developments in key optical amplier technologies. They cover a 
number of themes, which include the bre based and planar waveguide based designs 
described above. No book of the current length can encompass the full scope of the 
subject but I am pleased at the range of topics that we have been able to include. The 
context for each contribution can be understood by referring to Fig. 1.
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The chapters have been grouped according to the following themes: Semiconductor 
Optical Ampli ers: General Concepts, Semiconductor Optical Ampli ers: Wavelength 
Converters, Semiconductor Optical Ampli ers: Other Processing Functions, Erbium-
Doped Ampli ers and Lasers and Other Ampli er Mechanisms. This categorisation 
is, of course, imperfect because some chapters are inter-disciplinary. However, not re-
siding within an easily identi able subject boundary is a positive sign; it is one of the 
indicators of scienti c progress.

I am grateful to Ana Nikolic, publishing process manager at Intech, for her prompt 
answers to my questions. I wish my collaborators every success in their future research 
activities.

January 2011.

Paul Urquhart
Pamplona, 

Spain
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Holon Institute of Technology (HIT),52 Golomb Str., Holon 58102

Israel

1. Introduction

The theoretical and experimental studies of semiconductor optical amplifiers (SOAs) started
immediately after the invention of semiconductor lasers as early as in 1962, but practical
applications of SOAs began in the 1980s when SOAs have emerged as an important
component in many optical fiber communication systems Agrawal (2002). The applications
of SOAs in optical communications, switching and signal processing based on their high
performance manifested in laboratory prototypes were predicted as early as 1989 Eisenstein
(1989). SOA is characterized by extremely strong non-linearity, low power, high operation
rate, and small size as compared to erbium doped fiber amplifiers (EDFAs) and Raman optical
amplifiers. The cross gain modulation (XGM), cross phase modulation (XPM), four-wave
mixing (FWM) phenomena are strongly manifested in SOA Agrawal (2002).
The two main application areas of SOA are the linear in-line amplification in gigabit passive
optical networks (GPON), and fast nonlinear all-optical signal processing Freude (2010). In
particular, SOAs are among the most promising candidates for all-optical processing devices
due to their high-speed capability, low switching energy, compactness, and optical integration
compatibility Dong (2008). Hence, besides its use as an in-line optical amplifier, SOA provides
a wide range of functional applications including wavelength conversion (WC), regeneration,
photonic switching and various all-optical signal processing components.
High-speed WC, all-optical logic operations, and signal regeneration are important operations
in all-optical signal processing where SOAs are widely used Agrawal (2002), Ramamurthy
(2001), Dong (2008), Sun (2005). WC is essential for optical wavelength division multiplexing
(WDM) network operation Ramamurthy (2001). There exist several all-optical techniques for
wavelength conversion based on SOAs using XGM and XPM effects between a pulsed signal
and a continuous wave (CW) beam at a desired wavelength of the converted signal Agrawal
(2002).
All-optical logic gates operation is based on nonlinearities of optical fibers and SOAs.
However, optical fibers suffer from disadvantages such as weak nonlinearity, long interaction
length, and/or high control energy required in order to achieve a reasonable switching
efficiency Sun (2005). SOA, on the other hand, has high nonlinearity, small dimensions, low
energy consumption, high operation speed, and can be easily integrated into photonic and
electronic systems Sun (2005), Hamié (2002), Kanellos (2007), Dong (2008).
The major challenges of improving optical transmission systems stem mainly from
signal-to-noise ratio (SNR) degradation and chromatic dispersion. For this reason, the
optical signal reamplification, reshaping, and retiming, i.e. the so-called 3R regeneration,
are necessary in order to avoid accumulation of noise, crosstalk and nonlinear distortions
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and to provide a good signal quality for transmission over any path in all-optical networks
Sartorius (2001), Zhu (2007), Leem (2006), Kanellos (2007). Optical regeneration technology
is characterized by lower power, much more compact size, and can provide transparency
in the needed region of spectrum Zhu (2007). All-optical 3R regeneration is also less
complex, provides better performance and uses fewer optoelectronic/electronic components
than electrical regeneration Leem (2006), Kanellos (2007). SOA chips and packaged SOAs are
used as tunable lasers with ultra-wide tuning range and kHz scan rate for sensing and medical
applications Spiekman (2009). The wavelength agility and low power requirements of SOA
stimulate their use in telecommunications as a range extender in Fiber to the Home networks
and in transmission system optical channels outside the EDFA band Spiekman (2009).
Tunable optical delay lines and continuously controllable phase shifters for microwave
signal processing are based on the slow and fast light propagation Dúill (2009). One
of the most efficient mechanisms for the slow and fast light propagation is the coherent
population oscillations (CPO) in SOAs due to its strongly manifested XPM, XGM and FWM
Chang-Hasnain (2006), Dúill (2009).
Recent advances in quantum well (QW) SOAs, quantum dash (Q-dash) SOAs and especially
quantum dot (QD) SOAs make them promising candidates for use in evolving optical fiber
communication systems since a bulk SOA performance may be substantially improved in
terms of threshold current density, saturation power, gain bandwidth, and the temperature
dependence of quantum devices Bimberg (1999), Sugawara (2004), Ustinov (2003). The
possibility of integrating into Si photonic technology makes QD SOA an especially important
candidate for integrated electronic and photonic circuits on the same silicon platform.
The chapter is constructed as follows. The operation principle and the phenomenological
theory of bulk SOA is presented in Section 2. Structure, dynamics and peculiarities of QW
and QD SOAs are discussed in Section 3. Novel applications of SOAs such as photonic pulse
generation, all-optical signal processing, all-optical logics, slow and fast light generation are
reviewed in Section 4. Conclusions are presented in Section 5.

2. Theory of bulk SOA

2.1 Structure and operation principle of bulk SOA
In this section, we consider briefly the operation principle and the structure of a bulk
SOA Eisenstein (1989), Agrawal (2002), Chang (2005). SOAs amplify incident light by the
stimulated emission process using the same mechanism as laser diodes Agrawal (2002).
In fact, SOA can be characterized as a semiconductor laser without feedback Agrawal
(2002). Optical gain can be realized when the electrically or optically pumped SOA achieves
population inversion Agrawal (2002). The optical gain depends on the incident signal
frequency ω and the local beam intensity at any point inside the amplifier Agrawal (2002).
Bulk SOA consists of a laser diode with low facet reflectivities. Typically, the device contains
several layers Eisenstein (1989), Agrawal (2002). Carriers from an external bias circuit are
injected into the active region of SOA where they are confined by layers of materials with
higher energy band gap. An optical signal impinging on the active region will induce
simulated emission and will be amplified under the condition of population inversion, i.e.
when the bias current is sufficiently large Eisenstein (1989). The active region serves as the
core of a slab optical waveguide since its refractive index n is larger than the refractive index
of the cladding. In a semiconductor laser, the end facets are cleaved perpendicular to the
waveguide forming mirrors to provide the feedback necessary for laser oscillations. The SOA
structure is shown in Fig.1.
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Fig. 1. Structure of SOA

SOA can operate in two different regimes. In the first case called the travelling-Wave (TW)
regime, the oscillations are prevented in order to create a single pass gain , Eisenstein (1989),
Agrawal (2002). The active medium is described as a homogeneously broadened two-level
system. In such a case, the gain coefficient g (ω) has the form Agrawal (2002)

g (ω) =
g0

1 + (ω − ω0)
2 T2

2 + P/Ps
(1)

where g0 is the peak value of the gain, ω0 is the transition frequency, P is the optical power
of the amplified signal, Ps is the saturation power, and T2 ≤ 1ps is the dipole relaxation time.
Under the condition of P/Ps � 1 corresponding to the unsaturated regime, equation (1) takes
the form

g (ω) =
g0

1 + (ω − ω0)
2 T2

2

(2)

It is seen from equations (1) and (2) that the frequency dependence of the gain is characterized
by a Lorentzian profile with the resonance frequency ω0. The gain bandwidth Δωg defined as
the full width at half maximum (FWHM) is given by Agrawal (2002).

Δωg =
2
T2

(3)

The local optical power P (z) in a gain medium can be defined as Agrawal (2002).

P (z) = P (0) exp (gz) (4)

where P (0) = Pin is the input optical power. We can define an amplification factor G (ω) for
a SOA of length L as the ratio between the output optical power Pout = P (L) and Pin Agrawal
(2002).

G (ω) =
Pout
Pin

=
P (L)
P (0)

= exp (gL) (5)

The gain saturation regime is defined by the gain dependence on the optical power according
to equation (1). It can be shown that for the large-signal amplification factor the following
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relationship prevails Agrawal (2002).

G = G0 exp
[
− (G − 1) Pout

GPs

]
(6)

where G0 is the unsaturated amplification factor. The main noise in SOA is due to the
spontaneous emission. The SNR degradation is characterized by the amplifier noise figure
(NF) Fn defined by Agrawal (2002).

Fn =
(SNR)in
(SNR)out

(7)

NF can reach 6 − 8dB. However for optical communication applications it should be as low
as possible Agrawal (2002).
In the second regime, called Fabry-Perot (FP) SOA, a semiconductor laser biased slightly
below threshold is used as SOA in a FP cavity where the FP cavity is characterized by
multiple reflections at the facets with reflectivities R1,2 Agrawal (2002). The amplification
factor GFP (ω) for such a FP SOA is given by Agrawal (2002)

GFP (ν) =
(1 − R1) (1 − R2) G(

1 − G
√

R1R2
)2 + 4G

√
R1R2 sin2 [π (ν − νm) /ΔνL]

(8)

where ν = ω/2π, νm = mc/2nL are the cavity resonance frequencies, c is the free space
light velocity, ΔνL = c/2nL is the longitudinal mode spacing, and m = 1, 2, 3, .... is the mode
number. The FP SOA bandwidth ΔνA at the 3dB level of GFP (ν) is given by Agrawal (2002)

ΔνA =
2ΔνL

π
arcsin

[
1 − G

√
R1R2(

4G
√

R1R2
)1/2

]
(9)

2.2 Rate equations and optical field propagation equations
The efficiency of SOA applications in all-optical integrated circuits for optical signal
processing and functional devices is mainly determined by their high gain coefficient and
a relatively low saturation power Agrawal (1989), Agrawal (2002), Premaratne (2008). Device
engineering and performance optimization require simple and quantitatively accurate models
for SOAs providing an adequate description of SOAs peculiarities Premaratne (2008).
The theory of pulse propagation in amplifiers based on a two-level system model is also
valid for SOAs Agrawal (1989). The SOA’s active region is modeled as an ensemble of
noninteracting two-level systems with transition energies extending over the range of the
conduction and valence bands Agrawal (1989). If the pulse width Tp � 1ps is much larger
than the intraband relaxation time τin ∼ 0.1ps and, on the other hand, Tp � τe ∼ 10−10s
where τe is the carrier lifetime, the rate-equation approximation can be applied where the
amplification process within the SOA is described by the following rate equations for the
carrier density N (z, t) and the optical signal intensity I (z, t) Agrawal (1989), Agrawal (2002),
Premaratne (2008).

∂N (z, t)
∂t

= ρ (z) − N (z, t)
τe

− g (z, t)
λI (z, t)

hc
(10)

∂I (z, t)
∂z

+
1
vg

∂I (z, t)
∂t

= g (z, t) I (z, t) − αI (z, t) (11)
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where t is the time, z is the distance along the light propagation direction in the SOA
active region, ρ (z) is the current-injection density, α is the loss coefficient, λ is the operating
wavelength, and h is the Planck’s constant. The input pulse intensity profile I0 (t) is given by
Premaratne (2008)

Eg = Am

∞�

−∞

I0 (t) dt (12)

where Am is the effective mode area of the SOA active region, and Eg is the pulse energy. The
gain coefficient g (z, t) is defined as Premaratne (2008).

g (z, t) = Γa [N (z, t) − N0]

where Γ is the mode confinement factor, a is the differential gain coefficient, and N0
is the carrier density corresponding to the transparency state. By using the coordinate
transformations z, τ = t − z/vg and introducing the new variable

h (z, τn) =
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0

g (z, τ) dz (13)

where z ⊂ [0, L], τn =
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τvg

�
/L is normalized time, and L is the length of SOA, equations

(10) and (11) can be reduced to the following integro-differential equation describing the gain
recovery dynamics for a short optical pulse Premaratne (2008)
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Equation (14) has been solved analytically and numerically for different situations using a
multiple-scales technique Premaratne (2008). In particular, the signal gain G (z, T, U) is given
by Premaratne (2008).
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�
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Eγ (T)
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(16)

where T = τn is the pulse time scale, U = �τn is a slow time scale corresponding to the carrier
recovery, and hI (z) is the initial profile of h (z, T, U, �),
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⎛
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relationship prevails Agrawal (2002).

G = G0 exp
[
− (G − 1) Pout

GPs

]
(6)

where G0 is the unsaturated amplification factor. The main noise in SOA is due to the
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(7)
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2.2 Rate equations and optical field propagation equations
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where t is the time, z is the distance along the light propagation direction in the SOA
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�g (z, T, U) =
hρ (z)

z
[1 − exp (−U)] − exp (−U)

z

× ln

�
1 − (1 − exp (−hI (z)))

Eβ (T)

�
(18)

and

Eβ (T) = exp

⎛
⎝

T�

0

β (T) dT

⎞
⎠ (19)

The electric field E (z, t) of the pulse is given by Premaratne (2008)

E (z, t) =
�

I (z, t) exp [i (φ (z, t) − ωt)] ; φ (z, t) =
αL
2

h (z, t) (20)

where φ (z, t) is the phase of the pulse inside SOA and αL is the linewidth enhancement factor
(LEF).
Comparison of the analytical results of the theory developed above with the numerical
simulation results for Gaussian picosecond pulses propagating through a SOA of length L
≈ 400μm, active region width and thickness of 2.5μm and 0.2μm, respectively, Γ = 0.3, carrier
injection rate 1.177× 1034s−1m−3, ng = 3.7, α = 3000m−1, τe = 3× 10−10s, a = 2.5× 10−20m2,
N0 = 1.5 × 1024m−3, αL = 5, and λ = 1552.52nm shows a good accord Premaratne (2008).

3. Advanced structures

3.1 QW SOA
The structure of QW SOA devices is very similar to that of bulk SOA, except that the active
layer thickness of the former is reduced to the order of 10nm where quantum effects play
an essential role. A thin layer sandwiched between two layers of a wide band gap material
form a finite potential well. As a consequence of carriers confinement in the z direction in the
thin layer, the conduction and valence bands break up into a series of well-defined sub-bands
with a step-like density of states (DOS) function ρQW (E) which is energy independent. DOS
function for electrons has the form Zhao (1999)

ρQW (E) = ∑
ne

me

πh̄2 H [Ee − Eez (ne)] (21)

where me is the electron effective mass, h̄ = h/ (2π), Ee is the total electron energy given by

Ee = Eez (ne) +
(h̄k)2

2me
(22)

Eez (ne) are the quantized energy levels, ne = 1, 2, ...is the level number, k =
�

k2
x + k2

y is
the electron wave vector corresponding to the motion in the (x, y) directions, and H [x] is the
Heaviside function given by

H [x] =
�

1, x ≥ 0
0, x < 0 (23)
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There is no quantum confinement in the (x, y) plane. The quantized electron energies Eez (ne)
can be evaluated by solving the Schrödinger equation for the case of the confinement in the z
direction Zhao (1999)

[
− h̄2

2me

∂2

∂z2 + V (z)

]
Φn,k (z) = EnΦn,k (z) (24)

where

En = Eez (ne) + En0 +
(h̄k)2

2me
(25)

V (z) is the confinement potential, and the electron wave function Ψn (x, y, z) is given by Zhao
(1999)

Ψn (x, y, z) = un (x, y, z) Φn,k (z)
1√

Lx Ly
exp i

(
kxx + kyy

)
(26)

Here, un (x, y, z) is the periodic Bloch function, Lx and Ly are the SOA dimensions in the (x, y)
directions, respectively. In the simplest case of a finite square-well potential V0, the energy
spectrum of QW is determined by the solutions of the following transcendental equations
Brennan (1999).

k1 = k2 tan
(

k2dz

2

)
; k1 = −k2 cot

(
k2dz

2

)
(27)

where

k1 =

√
2me (V0 − E)

h̄2 ;k2 =

√
2meE

h̄2 ; (28)

and dz is the QW dimension in the z direction.
In this structure stimulated emission occurs only between discrete energy levels. QW-SOAs
have superior performance as compared to bulk SOAs in terms of optical bandwidth and
maximum output power. In SOAs, the saturation output power is inversely proportional to
the differential gain coefficient, which is smaller in QW-SOAs.
The conventional SOA has rather poor carrier and photon confinement. Optical confinement
can be enhanced by the implementation of a tapered graded index (GRIN) region on both
sides of the well. A multi quantum well SOA (MQW-SOA) can be produced by stacking
several layers of wells and barriers, usually created by molecular beam epitaxy (MBE) and/or
metal organic vapor deposition (MOCVD) techniques. The optical gain of MQW is higher due
to multiple QWs. Further improvement of the SOA performance is achieved by introducing
an outer cladding region of a higher energy gap compared to the MQW barrier layers. The
optical confinement factor of MQW SOAs increases approximately linearly with the number
of QWs.
Many applications of SOA such as optical amplification, optical switching and signal
processing require gain and phase shift insensitivity to the polarization. The polarization
dependence of the phase shift is due to intrinsic or induced birefringence in SOA, so that
the effective refraction index for the transverse electric (TE) mode is different from that
of the transverse magnetic (TM) mode. These dependencies stem, in turn, from different
quantization levels for heavy-hole (HH) bands, which provide the TE-mode dominant optical
gain, and light-hole (LH) bands, which provide the TM-mode dominant optical gain. The
difference in the confinement factors for TE and TM modes leads to different TE and TM
signal gains.
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There is no quantum confinement in the (x, y) plane. The quantized electron energies Eez (ne)
can be evaluated by solving the Schrödinger equation for the case of the confinement in the z
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Here, un (x, y, z) is the periodic Bloch function, Lx and Ly are the SOA dimensions in the (x, y)
directions, respectively. In the simplest case of a finite square-well potential V0, the energy
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and dz is the QW dimension in the z direction.
In this structure stimulated emission occurs only between discrete energy levels. QW-SOAs
have superior performance as compared to bulk SOAs in terms of optical bandwidth and
maximum output power. In SOAs, the saturation output power is inversely proportional to
the differential gain coefficient, which is smaller in QW-SOAs.
The conventional SOA has rather poor carrier and photon confinement. Optical confinement
can be enhanced by the implementation of a tapered graded index (GRIN) region on both
sides of the well. A multi quantum well SOA (MQW-SOA) can be produced by stacking
several layers of wells and barriers, usually created by molecular beam epitaxy (MBE) and/or
metal organic vapor deposition (MOCVD) techniques. The optical gain of MQW is higher due
to multiple QWs. Further improvement of the SOA performance is achieved by introducing
an outer cladding region of a higher energy gap compared to the MQW barrier layers. The
optical confinement factor of MQW SOAs increases approximately linearly with the number
of QWs.
Many applications of SOA such as optical amplification, optical switching and signal
processing require gain and phase shift insensitivity to the polarization. The polarization
dependence of the phase shift is due to intrinsic or induced birefringence in SOA, so that
the effective refraction index for the transverse electric (TE) mode is different from that
of the transverse magnetic (TM) mode. These dependencies stem, in turn, from different
quantization levels for heavy-hole (HH) bands, which provide the TE-mode dominant optical
gain, and light-hole (LH) bands, which provide the TM-mode dominant optical gain. The
difference in the confinement factors for TE and TM modes leads to different TE and TM
signal gains.
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The polarization sensitivity of MQW–SOAs can be significantly reduced when the active
layer is strained, e.g. by introduction of lattice mismatch between the well and adjacent
layers. In order to mitigate the polarization sensitivity problems in QW SOAs, several QW
structures have been proposed such as low tensile-strained QWs, QWs with tensile barriers,
tensile-strained QWs with compressive barriers, alternation of tensile and compressive QWs,
and the delta-strained QW where strain is applied only at a shallow and highly strained
layer called delta layer, that can yield a polarization-insensitive SOA at λ = 1550nm. In
conventional QWs without delta layers, HH band energy levels are higher than those of LH
bands, resulting in more TE gain relative to the TM mode. In delta-strained QWs, the delta
layer causes a larger valence band discontinuity for HH bands than LH bands, so that the
quantized energy levels of HH bands have a larger shift downward than those for the LH
bands that shift upward. The delta layer pushes the LH band upward and the HH band
downward such that their order is reversed.
In SOA applications requiring high optical power levels such as XGM, XPM and FWM,
additional nonlinear birefringence is induced by the strong optical probe beam in such a way
that the weak signal beam will undergo polarization dependent phase modulation. In some
applications, however, this phenomenon can be utilized beneficially.

3.2 QW SOA dynamics
The dynamics of a QW heterostructure is usually described by a set of coupled rate
equations containing injection current, injected carrier density, and photon density in the
active region Zhao (1999). These equations provide an adequate tool for the analysis of
XGM, XPM and FWM in QW SOA which is important for applications related to modern
optical communications, especially in WDM architectures Reale (2001). Consider the carrier
dynamics in a MQW SOA during the propagation of Gaussian pulses with the duration
of several ps. The main transport mechanisms across the active region are the exchange
of carriers between different QWs, exchange between a QW and separate confinement
heterolayers (SCH), and the carrier injection from the SCH. In such a model each QW interacts
with the neighboring QWs and with the surrounding SCHs Reale (2001). The rate equations
in such a case differ significantly from the bulk SOA equations (10), (11) due to the number M
of QWs. These rate equations have the form Reale (2001)

∂S
∂z

+
1
vg

∂S
∂t

=
M

∑
i=1

g (Ni) Si − 1
vg

S
τp

+
1
vg

M

∑
i=1

βRspon (Ni) (29)

∂Ni
∂t

= ηinj
Iinj

qLi
− R (Ni) − Rst,i (30)

where S (z, t) = ∑M
i=1 Si is the total photon concentration, Si is the photon density generated in

ith QW, Ni (z, t) is the carrier density in ith QW, g (Ni) is the gain-carrier density relationship,
τp is the photon lifetime, β is the coupling factor of the spontaneous emission Rspon (Ni),
ηinj is the injection efficiency, Iinj is the injection current, R (Ni) is the recombination term
accounting for trap-related, spontaneous, and Auger recombinations, Li is the thickness of the
particular layer considered, and Rst,i accounts for stimulated recombination. The polarization
dependence of the gain for TE and TM modes is neglected. The typical values of the MQW
SOA main parameters are: M = 10, the QW width Lw = 48Å, device length L = 700μm, β =
10−4, the threshold density Nth = 1.5 × 1018cm−3, vg = 8.5 × 109cm/s, optical confinement
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factor 0.02, the losses in the active region αl =
�
vgτp

�−1 ∼ 10cm−1, the bias currents Iinj ∼
50 − 150mA, the gain for the probe light at λ = 1560nm is 17 − 21dB Reale (2001).
We introduce a delayed time reference t = t� − z/vg and rewrite equation (29) as

∂S
∂z

= g (N) − 1
vg

S
τp

+
1
vg

βRspon (31)

which yields a formal solution

Sout = Sin exp

⎡
⎣

L�

0

�
g − αl +

1
vg

βRspon

�
dz

⎤
⎦ (32)

Equations (30) and (31) have been solved numerically and showed a good accord with the
experimental data for picosecond optical pulse propagation through a MQW SOA Reale
(2001). Typically, the ultrafast pulse is simultaneously amplified and undergoes shape
modification for high bias currents of about 150mA. The shape evolution is mainly due to
the gain saturation in the MQW SOA. As a result, the total gain for a single optical pulse
reduces from 20dB at the lowest energy to 1dB at the highest energy demonstrating strong
nonlinearity of MQW SOAs Reale (2001).

3.3 QD structure and energy spectrum
Quantization of electron states in all three dimensions results in creation of a novel physical
object - a macroatom, or quantum dot (QD) containing a zero dimensional electron gas. Size
quantization is effective when the QD’s three dimensions are of the same order of magnitude
as the electron de Broglie wavelength which is about several nanometers Ustinov (2003). QD is
a nanomaterial confined in all the three dimensions, and for this reason it has unique electronic
and optical properties that do not exist in bulk semiconductor material Ohtsu (2008). An
electron-hole pair created by light in a QD has discrete energy eigenvalues due to carrier
confinement. This phenomenon is called a quantum confinement effect Ohtsu (2008).
There exist different types of QDs based on different technologies that operate in different
parts of spectrum such as In(Ga)As QDs grown on GaAs substrates, InAs QDs grown on
InP substrates, and colloidal free-standing InAs QDs. QD structures are commonly realized
by a self-organized epitaxial growth where QDs are statistically distributed in size and area.
A widely used QD fabrication method is a direct synthesis of semiconductor nanostructures
based on island formation during strained-layer heteroepitaxy called the Stranski-Krastanow
(SK) growth mode Ustinov (2003). Spontaneously growing QDs are said to be self-assembling.
SK growth has been investigated intensively for InAs on GaAs, InP on GaInP, and Ge on Si
structures Ustinov (2003). The energy shift of the emitted light is determined by the size of
QDs that can be adjusted within a certain range by changing the amount of deposited QD
material. Evidently, smaller QDs emit photons of shorter wavelengths Ustinov (2003). The
main advantages of the SK growth are Ustinov (2003):

1. SK growth permits the preparation of extremely small QDs in a maskless process without
lithography and etching which makes it a promising technique to realize QD lasers.

2. A great number of QDs is formed in one simple deposition step.

3. Synthesized QDs are highly uniform in size and composition.

4. QDs can be covered epitaxially by a host material without any crystal or interface defects.
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factor 0.02, the losses in the active region αl =
�
vgτp

�−1 ∼ 10cm−1, the bias currents Iinj ∼
50 − 150mA, the gain for the probe light at λ = 1560nm is 17 − 21dB Reale (2001).
We introduce a delayed time reference t = t� − z/vg and rewrite equation (29) as
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Equations (30) and (31) have been solved numerically and showed a good accord with the
experimental data for picosecond optical pulse propagation through a MQW SOA Reale
(2001). Typically, the ultrafast pulse is simultaneously amplified and undergoes shape
modification for high bias currents of about 150mA. The shape evolution is mainly due to
the gain saturation in the MQW SOA. As a result, the total gain for a single optical pulse
reduces from 20dB at the lowest energy to 1dB at the highest energy demonstrating strong
nonlinearity of MQW SOAs Reale (2001).

3.3 QD structure and energy spectrum
Quantization of electron states in all three dimensions results in creation of a novel physical
object - a macroatom, or quantum dot (QD) containing a zero dimensional electron gas. Size
quantization is effective when the QD’s three dimensions are of the same order of magnitude
as the electron de Broglie wavelength which is about several nanometers Ustinov (2003). QD is
a nanomaterial confined in all the three dimensions, and for this reason it has unique electronic
and optical properties that do not exist in bulk semiconductor material Ohtsu (2008). An
electron-hole pair created by light in a QD has discrete energy eigenvalues due to carrier
confinement. This phenomenon is called a quantum confinement effect Ohtsu (2008).
There exist different types of QDs based on different technologies that operate in different
parts of spectrum such as In(Ga)As QDs grown on GaAs substrates, InAs QDs grown on
InP substrates, and colloidal free-standing InAs QDs. QD structures are commonly realized
by a self-organized epitaxial growth where QDs are statistically distributed in size and area.
A widely used QD fabrication method is a direct synthesis of semiconductor nanostructures
based on island formation during strained-layer heteroepitaxy called the Stranski-Krastanow
(SK) growth mode Ustinov (2003). Spontaneously growing QDs are said to be self-assembling.
SK growth has been investigated intensively for InAs on GaAs, InP on GaInP, and Ge on Si
structures Ustinov (2003). The energy shift of the emitted light is determined by the size of
QDs that can be adjusted within a certain range by changing the amount of deposited QD
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main advantages of the SK growth are Ustinov (2003):

1. SK growth permits the preparation of extremely small QDs in a maskless process without
lithography and etching which makes it a promising technique to realize QD lasers.

2. A great number of QDs is formed in one simple deposition step.

3. Synthesized QDs are highly uniform in size and composition.

4. QDs can be covered epitaxially by a host material without any crystal or interface defects.
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The simplest QD models are described by the spherical boundary conditions for an electron
or a hole confined in a spherical QD with radius R, or by the cubic boundary conditions for a
parallelepiped QD with side length Lx,y,z Ohtsu (2008). In the first case, the electron and hole
energy spectra Ee,nlm and Eh,nlm are respectively given by Ohtsu (2008)

Ee,nlm = Eg +
h̄2

2me

( αnl
R

)2
; Eh,nlm =

h̄2

2mh

( αnl
R

)2
(33)

where
n = 1, 2, 3, ...; l = 0, 1, 2, ...n − 1; m = 0,±1,±2, .. ± l, (34)

Eg is the QD semiconductor material band gap, me,h are the electron and hole effective mass,
respectively, and αnl is the n-th root of the spherical Bessel function of order l. In the second
case, the energy eigenvalues Ee,nlm and Eh,nlm are respectively given by Ohtsu (2008)
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The DOS function ρQD (E) for an array of QDs has the form Ustinov (2003)

ρQD (E) = ∑
n

∑
m

∑
l

2nQDδ
(
E − Ee,nlm

)
(37)

where δ
(
E − Ee,nlm

)
is the δ-function, and nQD is the surface density of QDs. The active layer

with QDs and the structure of QD conduction band are shown in Fig. 2.
Detailed theoretical and experimental investigations of InAs/GaAs and InAs QDs electronic
structure taking into account their realistic lens, or pyramidal shape, size, composition profile,
and production technique (SK, colloidal) have been carried out Bimberg (1999), Bányai (2005),
Ustinov (2003). A system of QDs can be approximated with a three energy level model in
the conduction band containing a spin degenerate ground state (GS), fourfold degenerate
excited state (ES) with comparatively large energy separations of about 50 − 70meV, and a
narrow continuum wetting layer (WL). The electron WL is situated 150meV above the lowest
electron energy level in the conduction band, i.e. GS and has a width of approximately
120meV. In real cases, QDs vary in size, shape, and local strain which leads to fluctuations in
the quantized energy levels and inhomogeneous broadening in the optical transition energy.
Gaussian distribution may be used for description of the QD sizes Bányai (2005). The QDs
and WL are surrounded by a barrier material which prevents direct coupling between QD
layers. The absolute number of states in the WL is much larger than in the QDs. GS and
ES in QDs are characterized by homogeneous and inhomogeneous broadening Bányai (2005).
The homogeneous broadening caused by scattering of the optically generated electrons and
holes with imperfections, impurities, phonons, or through the radiative electron-hole pair
recombination Bányai (2005) is about 15meV at room temperature.
The eigenspectrum of a single QD fully quantized in three dimensions consists of a discrete
set of eigenvalues depending only on the number of atoms in it. Variations of eigenenergies
from QD to QD are caused by variations of QD’s strain and shape. The finite carrier lifetime
results in Lorentzian broadening of a finite width Ustinov (2003). The optical spectrum of
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Fig. 2. Plan view of active layer with QDs (above); the QD conduction band structure (below)

QDs consists of a series of transitions between the zero-dimensional electron gas energy
states where the selection rules are determined by the form and symmetry of QDs Ustinov
(2003). In(Ga)As/GaAs QDs are characterized by emission at wavelengths no longer than
λ = 1.35μm, while the InAs/InP QDs have been proposed for emission at the usual
telecommunication wavelength λ = 1.55μm Ustinov (2003).

3.4 Structure and operation of QD SOA
In this section, we will discuss the structure and operation principles of QD SOA. Theory of
QD SOA operation based on the electron rate equations and photon propagation equation has
been developed in a large number of works Berg (2004), Qasaimeh (2003), Qasaimeh (2004),
Ben Ezra (September 2005), Ben Ezra (October 2005), Ben Ezra (2007).
The active region of a QD SOA is a layer including self-assembled InGaAs QDs on
a GaAs substrate Sugawara (2004). Typically, the QD density per unit area is about(
1010 − 1011) cm−2. The bias current is injected into the active layer including QDs, and

the input optical signals are amplified via the stimulated emission or processed via the
optical nonlinearity by QDs Sugawara (2004). The stimulated radiative transitions occur
between GS and the valence band of QDs. A detailed theory of QD SOAs based on the
density matrix approach has been developed in the pioneering work of Sugawara (2004)
where the linear and nonlinear optical responses of QD SOAs with arbitrary spectral and
spatial distribution of quantum dots in active region under the multimode light propagation
have been considered. It has been shown theoretically that XGM takes place due to the
coherent terms under the condition that the mode separation is comparable to or less than
the polarization relaxation rate |ωm − ωn| ≤ Γg where ωm,n are the mode frequencies and the
relaxation time τ = Γ−1

g = 130 f s Sugawara (2004). XGM is also possible in the case of the
incoherent nonlinear polarization, or the so-called incoherent spectral hole burning Sugawara
(2004). It has been assumed that XGM occurred only for signals with a detuning limited by
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narrow continuum wetting layer (WL). The electron WL is situated 150meV above the lowest
electron energy level in the conduction band, i.e. GS and has a width of approximately
120meV. In real cases, QDs vary in size, shape, and local strain which leads to fluctuations in
the quantized energy levels and inhomogeneous broadening in the optical transition energy.
Gaussian distribution may be used for description of the QD sizes Bányai (2005). The QDs
and WL are surrounded by a barrier material which prevents direct coupling between QD
layers. The absolute number of states in the WL is much larger than in the QDs. GS and
ES in QDs are characterized by homogeneous and inhomogeneous broadening Bányai (2005).
The homogeneous broadening caused by scattering of the optically generated electrons and
holes with imperfections, impurities, phonons, or through the radiative electron-hole pair
recombination Bányai (2005) is about 15meV at room temperature.
The eigenspectrum of a single QD fully quantized in three dimensions consists of a discrete
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QDs consists of a series of transitions between the zero-dimensional electron gas energy
states where the selection rules are determined by the form and symmetry of QDs Ustinov
(2003). In(Ga)As/GaAs QDs are characterized by emission at wavelengths no longer than
λ = 1.35μm, while the InAs/InP QDs have been proposed for emission at the usual
telecommunication wavelength λ = 1.55μm Ustinov (2003).

3.4 Structure and operation of QD SOA
In this section, we will discuss the structure and operation principles of QD SOA. Theory of
QD SOA operation based on the electron rate equations and photon propagation equation has
been developed in a large number of works Berg (2004), Qasaimeh (2003), Qasaimeh (2004),
Ben Ezra (September 2005), Ben Ezra (October 2005), Ben Ezra (2007).
The active region of a QD SOA is a layer including self-assembled InGaAs QDs on
a GaAs substrate Sugawara (2004). Typically, the QD density per unit area is about(
1010 − 1011) cm−2. The bias current is injected into the active layer including QDs, and

the input optical signals are amplified via the stimulated emission or processed via the
optical nonlinearity by QDs Sugawara (2004). The stimulated radiative transitions occur
between GS and the valence band of QDs. A detailed theory of QD SOAs based on the
density matrix approach has been developed in the pioneering work of Sugawara (2004)
where the linear and nonlinear optical responses of QD SOAs with arbitrary spectral and
spatial distribution of quantum dots in active region under the multimode light propagation
have been considered. It has been shown theoretically that XGM takes place due to the
coherent terms under the condition that the mode separation is comparable to or less than
the polarization relaxation rate |ωm − ωn| ≤ Γg where ωm,n are the mode frequencies and the
relaxation time τ = Γ−1

g = 130 f s Sugawara (2004). XGM is also possible in the case of the
incoherent nonlinear polarization, or the so-called incoherent spectral hole burning Sugawara
(2004). It has been assumed that XGM occurred only for signals with a detuning limited by
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the comparatively small homogeneous broadening, and for this reason the ensemble of QDs
should be divided into groups by their resonant frequency of the GS transition between the
conduction and valence bands Sugawara (2004).
The phenomenological approach to the QD SOA dynamics is based on the rate equations for
the electron densities of GS, ES and for combined WL and barrier serving as a reservoir. It is
determined by electrons, because of the much larger effective mass of holes and their smaller
state spacing Berg (2004).
In the QD SOA-MZI, optical signals propagate in an active medium with a gain determined by
the rate equations for the electron transitions in QD-SOA between WL, GS and ES Qasaimeh
(2003), Qasaimeh (2004), Ben Ezra (2008), Ben Ezra (September 2005). Unlike this model Sun
(2005), we have taken into account two energy levels in the conduction band: GS and ES. The
stimulated and spontaneous radiative transitions occur from GS to the QD valence band level.
The system of the rate equations accounts for the following transitions:

1. the fast electron transitions from WL to ES with the relaxation time τw2 ∼ 3ps ;

2. the fast electron transitions between ES and GS with the relaxation time from ES to GS
τ21 = 0.16ps and the relaxation time from GS to ES τ12 ∼ 1.2ps;

3. the slow electron escape transitions from ES back to WL with the electron escape time
τ2w ∼ 1ns.

The balance between the WL and ES is determined by the shorter time τw2 of QDs filling.
Carriers relax quickly from the ES level to the GS level, while the former serves as a carrier
reservoir for the latter Berg (2001). In general case, the radiative relaxation times depend on
the bias current. However, it can be shown that for moderate values of the WL carrier density
Nw ∼ (

1014 − 1015) cm−3 this dependence can be neglected Berg (2001), Berg (November
2004).
The spontaneous radiative time τ1R � (0.4 − 0.5) ns in QDs remains large enough Sakamoto
(2000), Qasaimeh (2003), Sugawara (2004), Qasaimeh (2004), Matthews (2005). The carrier
dynamics is characterized by slow relaxation processes between WL and ES, and the rapidly
varying coherent nonlinear population terms vanish after averaging over the comparatively
large relaxation time τw2 ∼several ps from the two-dimensional WL to the ES. We have
taken into account only incoherent population terms because for XGM between modes
with the maximum detuning Δλmax = 30nm, within the especially important in optical
communications conventional band (C-band) of λ = (1530 ÷ 1565) nm, the condition ω1 −
ω2 > Γ−1

g is valid even for the lowest relaxation time from the ES to GS τ21 = 0.16ps, and the
rapidly varying coherent beating terms are insignificant Sugawara (2004). The direct carrier
capture into the GS is neglected due to the fast intradot carrier relaxation and the large energy
separation between GS and WL and it is assumed that the charge neutrality condition in GS
is valid. The rate equations account for both fast transitions form WL to ES and GS and slow
dynamics of the spontaneous transitions and electron escape from ES back to WL Qasaimeh
(2003), Qasaimeh (2004), Ben Ezra (2007). They have the form Qasaimeh (2003), Qasaimeh
(2004), Ben Ezra (2007).

∂Nw

∂t
=

J
eLw

− Nw (1 − h)
τw2

+
Nwh
τ2w

− Nw

τwR
, (38)

∂h
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=
NwLw (1 − h)

NQτw2
− NwLwh

NQτ2w
− (1 − f ) h
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+

f (1 − h)
τ12

, (39)
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∂ f
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(1 − f ) h
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− f 2
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− gpL
NQ

(2 f − 1) Sp
c√
εr

− gsL
NQ

(2 f − 1) Ss
c√
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. (40)

Here, Sp, Ss are the CW pump and on-off-keying (OOK) modulated signal wave photon
densities, respectively, L is the length of SOA, gp, gs are the pump and signal wave modal
gains, respectively, f is the electron occupation probability of GS, h is the electron occupation
probability of ES, e is the electron charge, τ2w is the electron escape time from the ES to
the WL, τwR is the spontaneous radiative lifetime in WL, τ1R is the spontaneous radiative
lifetime in QDs, NQ is the surface density of QDs, Nw is the electron density in the WL, Lw
is the effective thickness of the active layer, τ21 is the electron relaxation time from the ES to
GS and τ12 is the electron relaxation time from the GS to the ES, and εr is the SOA material
permittivity. The modal gain gp,s (ω) is given by Uskov (2004)

gp,s (ω) =
2ΓNQ

a

∫
dωF (ω) σ (ω0) (2 f − 1) (41)

where the number l of QD layers is assumed to be l = 1, the confinement factor Γ is assumed
to be the same for both the signal and the pump waves, a is the mean size of QDs, σ (ω0)
is the cross section of interaction of photons of frequency ω0 with carriers in QD at the
transition frequency ω including the homogeneous broadening factor, F (ω) is the distribution
of the transition frequency in the QD ensemble which is assumed to be Gaussian Qasaimeh
(2004), Uskov (2004). It is related to the inhomogeneous broadening and it is described by the
expression Uskov (2004)

F (ω) =
1

Δω
√

π
exp

[
− (ω − ω)2

(Δω)2

]
(42)

where the parameter Δω is related to the inhomogeneous linewidth γin hom = 2
√

ln 2Δω, and
ω is the average transition frequency.
In order to describe adequately XGM and XPM in QD SOA we should take into account
the interaction of QDs with optical signals. The optical signal propagation in a QD SOA is
described by the following truncated equations for the slowly varying CW and pulse signals

photon densities and phases SCW,P = PCW,P/
(

h̄ωCW,P
(
vg

)
CW,P Ae f f

)
and θCW,P Agrawal

(1989).
∂SCW,P (z, τ)

∂z
= (gCW,P − αint) SCW,P (z, τ) (43)

∂θCW,P
∂z

= −α

2
gCW,P (44)

Here PCW,P are the CW and pulse signal optical powers, respectively, Ae f f is the QD
SOA effective cross-section, ωCW,P,

(
vg

)
CW,P are the CW and pulse signal group angular

frequencies and velocities, respectively, gCW,P are the active medium (SOA) gains at the
corresponding optical frequencies, and αint is the absorption coefficient of the SOA material.
For the pulse propagation analysis, we replace the variables (z, t) with the retarded frame
variables

(
z, τ = t ∓ z/vg

)
. For optical pulses with a duration T � 10ps the optical radiation
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separation between GS and WL and it is assumed that the charge neutrality condition in GS
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frequencies and velocities, respectively, gCW,P are the active medium (SOA) gains at the
corresponding optical frequencies, and αint is the absorption coefficient of the SOA material.
For the pulse propagation analysis, we replace the variables (z, t) with the retarded frame
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. For optical pulses with a duration T � 10ps the optical radiation
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of the pulse fills the entire active region of a QD SOA of length L � 1mm and the propagation
effects can be neglected Gehrig (2002). Hence, in our case the photon densities

SCW,P (z, τ) = (SCW,P (τ))in exp

⎡
⎣

z�

0

(gCW,P − αint) dz�
⎤
⎦ (45)

can be averaged over the QD SOA length L which yields

SCW,P (τ) =
1
L

(SCW,P (τ))in

L�

0

dz exp

⎡
⎣

z�

0

(gCW,P − αint) dz�
⎤
⎦ (46)

Solution of equation (44) yields for the phases which should be inserted into MZI equation
(53)

θCW,P (τ) = − (α/2)
L�

0

dzgCW,P. (47)

The time-dependent variations of the carrier distributions in the QDs and WL result in strong
phase changes (44) during the light propagation in the QD SOA Gehrig (2002). System of
equations (38)-(40) with the average pump and signal photon densities (46) and phases (47)
constitutes a complete set of equations describing XGM and XPM in QD SOA related by the
LEF α as it is seen from equations (43), (44) and (47). The possibility of XGM in QD SOAs
due to the connections between different QDs through WL at detunings between a signal
and a pumping larger than the homogeneous broadening has been thoroughly investigated
theoretically Ben Ezra (2007).
The advantages of QD SOAs as compared to bulk SOAs are the ultrafast gain recovery of
about a few picoseconds, broadband gain, low NF, high saturation output power and high
FWM efficiency Akiyama (2007). For instance, distortion free output power of 23dBm has
been realized which is the highest among all the SOAs Akiyama (2007). A gain of > 25dB,
NF of < 5dB and output saturation power of > 20dBm can be obtained simultaneously in the
wavelength range of 90nm Akiyama (2007).

4. Recent advances in SOA applications

4.1 All-optical pulse generation
Ultra wideband (UWB) communication is a fast emerging technology that offers new
opportunities such as high data rates, low equipment cost, low power, precise positioning
capability and extremely low signal interference. A contiguous bandwidth of 7.5GHz is
available in the frequency interval of (3.1 − 10.6) GHz at an extremely low maximum power
output of −41.3dBm/MHz limited by the regulations of Federal Communication Commission
(FCC) Ghawami (2005). Impulse radio (IR) UWB communication technique is a carrier
free modulation using very narrow radio frequency (RF) pulses generated by UWB pulse
generators Yao (2007). However, high data rate UWB systems are limited to distances less than
10m due the constraints on allowed emission levels Yao (2007), Ran (2009). In order to increase
IR UWB transmission distances, a new concept based on UWB technologies and the optical
fiber technology has been proposed that is called UWB radio over optical fibre (UROOF) Ran
(2009). The IR UWB signals of several GHz are superimposed on the optical continuous wave
(CW) carrier and transmitted transparently over an optical fiber Ran (2009), Yao (2007). The
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UROOF technology permits to avoid the high cost additional electronic components required
for signal processing and enables the integration of all RF and optical transmitter/receiver
components on a single chip.
In order to distribute UWB signals via optical fibers, it is desirable to generate these signals
directly in the optical domain. The advantages of the all-optical methods are following:
decreasing of interference between electrical devices, low loss and light weight of optical fibers
Lin (2005), Yao (2007), Wang (2006).
Typically, Gaussian waveforms are used in UWB communications due to their simplicity,
achievability, and almost uniform distribution over their frequency spectrum Yao (2007),
Ghawami (2005). The basic Gaussian pulse yg1, a Gaussian monocycle yg2 and a Gaussian
doublet yg3 are given by Ghawami (2005).
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where τ is the time-scaling factor, and K1,2,3 are the normalization constants:
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There exist three main optical IR UWB generation techniques Yao (2007)

1. UWB pulse generation based on phase-modulation-to-intensity-modulation (PM-IM)
conversion.

2. UWB pulse generation based on a photonic microwave delay line using SOA.

3. UWB pulse generation based on optical spectral shaping and dispersion-induced
frequency-to-time mapping. All-optical methods of UWB pulse generation are based on
nonlinear optical processes in SOA such as XPM and XGM.

We concentrate on the all-optical methods of UWB pulse generation based on XPM and
XGM in SOA. Consider first the method based on XPM. A probe CW signal generated by
CW laser diode and a light wave modulated by the Mach-Zehnder modulator (MZM) are
simultaneously fed into SOA, the probe signal will undergo both XGM and XPM, and the
phase Φc of the output signal varies approximately proportionally to Gaussian pulse train
power Ps (t) Dong (2009)

Φc = KPs (t) + Φ0 (51)

where K is the proportionality constant and Φ0 is the initial phase. The chirp Δνc (t) of the
probe signal is the first order derivative of the phase given by Dong (2009)

Δνc (t) = − 1
2π

dΦc

dt
= − K

2π

dPs (t)
dt

(52)

The chirp (52) is a monocycle, according to definition (49). Its value may be positive
or negative. UWB doublet pulses can be obtained by combining positive and negative
monocycles with a proper delay Dong (2009). The shortages of the proposed method are the
necessity for complicated electronic circuit for generation short electric Gaussian pulses, the
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of the pulse fills the entire active region of a QD SOA of length L � 1mm and the propagation
effects can be neglected Gehrig (2002). Hence, in our case the photon densities

SCW,P (z, τ) = (SCW,P (τ))in exp

⎡
⎣

z�

0

(gCW,P − αint) dz�
⎤
⎦ (45)

can be averaged over the QD SOA length L which yields

SCW,P (τ) =
1
L

(SCW,P (τ))in

L�

0

dz exp

⎡
⎣

z�

0

(gCW,P − αint) dz�
⎤
⎦ (46)

Solution of equation (44) yields for the phases which should be inserted into MZI equation
(53)

θCW,P (τ) = − (α/2)
L�

0

dzgCW,P. (47)

The time-dependent variations of the carrier distributions in the QDs and WL result in strong
phase changes (44) during the light propagation in the QD SOA Gehrig (2002). System of
equations (38)-(40) with the average pump and signal photon densities (46) and phases (47)
constitutes a complete set of equations describing XGM and XPM in QD SOA related by the
LEF α as it is seen from equations (43), (44) and (47). The possibility of XGM in QD SOAs
due to the connections between different QDs through WL at detunings between a signal
and a pumping larger than the homogeneous broadening has been thoroughly investigated
theoretically Ben Ezra (2007).
The advantages of QD SOAs as compared to bulk SOAs are the ultrafast gain recovery of
about a few picoseconds, broadband gain, low NF, high saturation output power and high
FWM efficiency Akiyama (2007). For instance, distortion free output power of 23dBm has
been realized which is the highest among all the SOAs Akiyama (2007). A gain of > 25dB,
NF of < 5dB and output saturation power of > 20dBm can be obtained simultaneously in the
wavelength range of 90nm Akiyama (2007).

4. Recent advances in SOA applications

4.1 All-optical pulse generation
Ultra wideband (UWB) communication is a fast emerging technology that offers new
opportunities such as high data rates, low equipment cost, low power, precise positioning
capability and extremely low signal interference. A contiguous bandwidth of 7.5GHz is
available in the frequency interval of (3.1 − 10.6) GHz at an extremely low maximum power
output of −41.3dBm/MHz limited by the regulations of Federal Communication Commission
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10m due the constraints on allowed emission levels Yao (2007), Ran (2009). In order to increase
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UROOF technology permits to avoid the high cost additional electronic components required
for signal processing and enables the integration of all RF and optical transmitter/receiver
components on a single chip.
In order to distribute UWB signals via optical fibers, it is desirable to generate these signals
directly in the optical domain. The advantages of the all-optical methods are following:
decreasing of interference between electrical devices, low loss and light weight of optical fibers
Lin (2005), Yao (2007), Wang (2006).
Typically, Gaussian waveforms are used in UWB communications due to their simplicity,
achievability, and almost uniform distribution over their frequency spectrum Yao (2007),
Ghawami (2005). The basic Gaussian pulse yg1, a Gaussian monocycle yg2 and a Gaussian
doublet yg3 are given by Ghawami (2005).
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There exist three main optical IR UWB generation techniques Yao (2007)

1. UWB pulse generation based on phase-modulation-to-intensity-modulation (PM-IM)
conversion.

2. UWB pulse generation based on a photonic microwave delay line using SOA.

3. UWB pulse generation based on optical spectral shaping and dispersion-induced
frequency-to-time mapping. All-optical methods of UWB pulse generation are based on
nonlinear optical processes in SOA such as XPM and XGM.

We concentrate on the all-optical methods of UWB pulse generation based on XPM and
XGM in SOA. Consider first the method based on XPM. A probe CW signal generated by
CW laser diode and a light wave modulated by the Mach-Zehnder modulator (MZM) are
simultaneously fed into SOA, the probe signal will undergo both XGM and XPM, and the
phase Φc of the output signal varies approximately proportionally to Gaussian pulse train
power Ps (t) Dong (2009)

Φc = KPs (t) + Φ0 (51)

where K is the proportionality constant and Φ0 is the initial phase. The chirp Δνc (t) of the
probe signal is the first order derivative of the phase given by Dong (2009)
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The chirp (52) is a monocycle, according to definition (49). Its value may be positive
or negative. UWB doublet pulses can be obtained by combining positive and negative
monocycles with a proper delay Dong (2009). The shortages of the proposed method are the
necessity for complicated electronic circuit for generation short electric Gaussian pulses, the
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use of an electro-optic phase modulator (EOM), the need for a comparatively long singlemode
fiber (SMF), and a comparatively low operation rate and high bias currents of bulk SOAs.
Recently, the theory of a novel all-optical method of the IR UWB pulse generation has
been proposed Ben Ezra (2008). QD SOA can be inserted into one arm of an integrated
Mach-Zehnder interferometer (MZI) which results in an intensity dependent optical signal
interference at the output of MZI Ben Ezra (2008). The IR UWB pulse generation process
is based both on XPM and XGM in QD SOA characterized by an extremely high optical
nonlinearity, low bias current, and high operation rate Sugawara (2004). Unlike other
proposed all-optical methods, we need no optical fibers, FBG and EOM substantially reducing
the cost and complexity of the IR UWB generator. The IR UWB signals generated by the
proposed QD SOA based MZI structure have the form of the Gaussian doublet. The shape of
the signal and its spectrum can be tailor-made for different applications by changing the QD
SOA bias current and optical power. The diagram of the MZI with QD SOA is shown in Fig.
3.

Fig. 3. MZI with QD SOA in the upper arm

The pulsed laser produces a train of short Gaussian pulses counter-propagating with respect
to the input CW optical signal. The CW signal propagating through the upper arm of MZI
transforms into the Gaussian pulse at the output of the MZI due to XPM and XGM with the
train of Gaussian pulses. The optical signal in the linear lower arm of MZI remains CW, and
the phase shift φ2 = const in the lower arm of MZI is constant. Both these pulses interfere
at the output of MZI, and the output pulse shape is defined by the power dependent phase
difference Δφ (t) = φ1 (t) − φ2 (t) where φ1,2 (t) are the phase shifts in the upper and lower
arms of MZI, respectively. The MZI output optical power Pout is given by Wang (2004).

Pout =
P0
4

[
G1 (t) + G2 (t) − 2

√
G1 (t) G2 (t) cos Δφ (t)

]
(53)

where G1,2 (t) = exp (g1,2L1,2), g1,2, L1,2 are the amplification factors of the upper and
lower arms of MZI, the time-dependent gain, the SOA gain, and the active medium length,
respectively. The relation between the MZI phase shift and its amplification factor is given
by Δφ (t) = − (αL/2) ln G1 (t). The shape of the output pulse is determined by the time
dependence of G1 (t) both directly and through Δφ (t) according to equation (53) resulting in
a Gaussian doublet under certain conditions determined by the QD SOA dynamics.
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4.2 All-optical signal processing
Recently, theoretical model of an ultra-fast all-optical signal processor based on the QD
SOA-MZI where XOR operation, WC, and 3R signal regeneration can be simultaneously
carried out by AO-XOR logic gates for bit rates up to (100 − 200) Gb/s depending on the
value of the bias current I ∼ (30 − 50) mA has been proposed. Ben Ezra (2009). The structure
of the proposed processor is shown in Fig. 4.

Fig. 4. The structure of the ultra-fast all-optical signal processor based on QD SOA-MZI

The theoretical analysis of the proposed ultra-fast QD SOA-MZI processor is based on
combination of the MZI model with the QD-SOA nonlinear characteristics and the dynamics.
At the output of MZI, the CW optical signals from the two QD SOAs interfere giving the
output intensity are determined by equation (53) with the CW or the clock stream optical
signal power Pin instead of P0 Sun (2005), Wang (2004). When the control signals A and/or
B are fed into the two SOAs they modulate the gain of the SOAs and give rise to the phase
modulation of the co-propagating CW signal due to LEF αL Agrawal (2001), Agrawal (2002),
Newell (1999). LEF values may vary in a large interval from the experimentally measured
value of LEF αL = 0.1 in InAs QD lasers near the gain saturation regime Newell (1999) up to
the giant values of LEF as high as αL = 60 measured in InAs/InGaAs QD lasers Dagens (2005).
However, such limiting cases can be achieved for specific electronic band structure Newell
(1999), Dagens (2005), Sun (2004). The typical values of LEF in QD lasers are αL ≈ (2 − 7) Sun
(2005). Detailed measurements of the LEF dependence on injection current, photon energy,
and temperature in QD SOAs have also been carried out Schneider (2004). For low-injection
currents, the LEF of the dot GS transition is between 0.4 and 1 increasing up to about 10 with
the increase of the carrier density at room temperature Schneider (2004). The phase shift at
the QD SOA-MZI output is given by Wang (2004)

φ1 (t) − φ2 (t) = −αL
2

ln
(

G1 (t)
G2 (t)

)
(54)

It is seen from equation (54) that the phase shift φ1 (t)− φ2 (t) is determined by both LEF and
the gain. For the typical values of LEF αL ≈ (2 − 7), gain g1,2 = 11.5cm−1, L1,2 = 1500μm the
phase shift of about π is feasible.
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the gain. For the typical values of LEF αL ≈ (2 − 7), gain g1,2 = 11.5cm−1, L1,2 = 1500μm the
phase shift of about π is feasible.
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4.3 All-optical logics
Consider an AO-XOR gate based on integrated SOA-MZI which consists of a symmetrical MZI
where one QD SOA is located in each arm of the interferometer Sun (2005). Two optical control
beams A and B at the same wavelength λ are inserted into ports A and B of MZI separately.
A third signal, which represents a clock stream of continuous series of unit pulses is split into
two equal parts and injected into the two SOAs. The detuning Δω between the signals A, B
and the third signal should be less than the homogeneous broadening of QDs spectrum. In
such a case the ultrafast operation occurs. In the opposite case of a sufficiently large detuning
comparable with the inhomogeneous broadening, XGM in a QD SOA is also possible due to
the interaction of QDs groups with essentially different resonance frequencies through WL for
optical pulse bit rates up to 10Gb/s Ben Ezra (September 2005). When A = B = 0, the signal
at port C traveling through the two arms of the SOA acquires a phase difference of π when
it recombines at the output port D, and the output is ”0” due to the destructive interference.
When A = 1, B = 0, the signal traveling through the arm with signal A acquires a phase
change due to XPM between the pulse train A and the signal. The signal traveling through
the lower arm does not have this additional phase change which results in an output ”1” Sun
(2005). The same result occurs when A = 0, B = 1 Sun (2005). When A = 1 and B = 1 the
phase changes for the signal traveling through both arms are equal, and the output is ”0”.

4.4 Wavelength conversion
An ideal wavelength convertor (WC) should have the following properties: transparency to
bit rates and signal formats, fast setup time of output wavelength, conversion to both shorter
and longer wavelengths, moderate input power levels, possibility for no conversion regime,
insensitivity to input signal polarization, low-chirp output signal with high extinction ratio
and large signal-to-noise ratio (SNR), and simple implementation Ramamurthy (2001). Most
of these requirements can be met by using SOA. The XGM method using SOAs is especially
attractive due to its simple realization scheme for WC Agrawal (2001). However, the main
disadvantages of this method are substantial phase distortions due to frequency chirping,
degradation due to spontaneous emission, and a relatively low extinction ratio Agrawal
(2001). These parameters may be improved by using QD-SOAs instead of bulk SOAs due
to pattern-effect-free high-speed WC of optical signals by XGM, a low threshold current
density, a high material gain, high saturation power, broad gain bandwidth, and a weak
temperature dependence as compared to bulk and MQW devices Ustinov (2003). We combine
the advantages of QD-SOAs as a nonlinear component and MZI as a system whose output
signal can be easily controlled. In the situation where one of the propagating signals A or B is
absent, the CW signal with the desired output wavelength is split asymmetrically to each arm
of MZI and interferes at the output either constructively or destructively with the intensity
modulated input signal at another wavelength. The state of interference depends on the
relative phase difference between the two MZI arms which is determined by the SOAs. In such
a case the QD SOA-MZI operates as an amplifier of the remaining propagating signal. Then,
the operation with the output ”1” may be characterized as a kind of WC due to XGM between
the input signal A or B and the clock stream signal. The possibility of the pattern-effect-free
WC by XGM in QD SOAs has been demonstrated experimentally at the wavelength of 1.3μm
Sugawara (2004).
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4.5 3R regeneration
Short optical pulses propagating in optical fibers are distorted due to the fiber losses
caused by material absorption, Rayleigh scattering, fiber bending, and broadening caused
by the material dispersion, waveguide dispersion, polarization-mode dispersion, intermodal
dispersion Agrawal (2001), Agrawal (2002). 3R regeneration is essential for successful logic
operations because of the ultra-fast data signal distortions. 3R regeneration requires an optical
clock and a suitable architecture of the regenerator in order to perform a clocked decision
function Sartorius (2001). In such a case, the shape of the regenerated pulses is defined by the
shape of the clock pulses Sartorius (2001).
The proposed QD SOA-MZI ultra-fast all-optical processor can successfully solve three
problems of 3R regeneration. Indeed, the efficient pattern–effect free optical signal
re-amplification may be carried out in each arm by QD-SOAs. WC based on an all-optical
logic gate provides the re-shaping since noise cannot close the gate, and only the data signals
have enough power to close the gate Sartorius (2001). The re-timing in QD-SOA-MZI based
processor is provided by the optical clock which is also essential for the re-shaping Sartorius
(2001). Hence, if the CW signal is replaced with the clock stream, the 3R regeneration can
be carried out simultaneously with logic operations. The analysis shows that for strongly
distorted data signals a separate processor is needed providing 3R regeneration before the
data signal input to the logic gate.

4.6 Slow light propagation in SOA
One of the challenges of the optoelectronic technology is the ability to store an optical signal
in optical format. Such an ability can significantly improve the routing process by reducing
the routing delay, introducing data transparency for secure communications, and reducing
the power and size of electronic routers Chang-Hasnain (2006). A controllable optical delay
line can function as an optical buffer where the storage is proportional to variability of the
light group velocity vg defined as Chang-Hasnain (2006)

vg =
∂ω

∂k
=

c − ω
∂n(ω,k)

∂ω

n (ω, k) + ω
∂n(ω,k)

∂k

(55)

Here n (ω, k) is the real part of the refractive index, and k is waveguide (WG) propagation
constant. The signal velocity can be identified as the light group velocity vg for the signals
used in the optical communications where the signal bandwidth (1 − 100) GHz is much
less compared to the carrier frequency of about 193GHz Chang-Hasnain (2006). It is seen
from equation (55) that the group velocity vg can be essentially reduced for a large positive
WG dispersion ∂n/∂k and/or material dispersion ∂n/∂ω Chang-Hasnain (2006). Such a
phenomenon is called a slow light (SL) propagation Chang-Hasnain (2006), Dúill (2009), Chen
(2008). The WG dispersion can be realized by using gratings, periodic resonant cavities,
or photonic crystals Chang-Hasnain (2006). The material dispersion can be achieved by
gain or absorption spectral change. For instance, an absorption dip leads to a variation
of the refractive index spectrum with a positive slope in the same frequency range, due to
the Kramers-Kronig dispersion relation, which results in the SL propagation Chang-Hasnain
(2006). The slowdown factor S is given by Chang-Hasnain (2006).
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the lower arm does not have this additional phase change which results in an output ”1” Sun
(2005). The same result occurs when A = 0, B = 1 Sun (2005). When A = 1 and B = 1 the
phase changes for the signal traveling through both arms are equal, and the output is ”0”.

4.4 Wavelength conversion
An ideal wavelength convertor (WC) should have the following properties: transparency to
bit rates and signal formats, fast setup time of output wavelength, conversion to both shorter
and longer wavelengths, moderate input power levels, possibility for no conversion regime,
insensitivity to input signal polarization, low-chirp output signal with high extinction ratio
and large signal-to-noise ratio (SNR), and simple implementation Ramamurthy (2001). Most
of these requirements can be met by using SOA. The XGM method using SOAs is especially
attractive due to its simple realization scheme for WC Agrawal (2001). However, the main
disadvantages of this method are substantial phase distortions due to frequency chirping,
degradation due to spontaneous emission, and a relatively low extinction ratio Agrawal
(2001). These parameters may be improved by using QD-SOAs instead of bulk SOAs due
to pattern-effect-free high-speed WC of optical signals by XGM, a low threshold current
density, a high material gain, high saturation power, broad gain bandwidth, and a weak
temperature dependence as compared to bulk and MQW devices Ustinov (2003). We combine
the advantages of QD-SOAs as a nonlinear component and MZI as a system whose output
signal can be easily controlled. In the situation where one of the propagating signals A or B is
absent, the CW signal with the desired output wavelength is split asymmetrically to each arm
of MZI and interferes at the output either constructively or destructively with the intensity
modulated input signal at another wavelength. The state of interference depends on the
relative phase difference between the two MZI arms which is determined by the SOAs. In such
a case the QD SOA-MZI operates as an amplifier of the remaining propagating signal. Then,
the operation with the output ”1” may be characterized as a kind of WC due to XGM between
the input signal A or B and the clock stream signal. The possibility of the pattern-effect-free
WC by XGM in QD SOAs has been demonstrated experimentally at the wavelength of 1.3μm
Sugawara (2004).
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4.5 3R regeneration
Short optical pulses propagating in optical fibers are distorted due to the fiber losses
caused by material absorption, Rayleigh scattering, fiber bending, and broadening caused
by the material dispersion, waveguide dispersion, polarization-mode dispersion, intermodal
dispersion Agrawal (2001), Agrawal (2002). 3R regeneration is essential for successful logic
operations because of the ultra-fast data signal distortions. 3R regeneration requires an optical
clock and a suitable architecture of the regenerator in order to perform a clocked decision
function Sartorius (2001). In such a case, the shape of the regenerated pulses is defined by the
shape of the clock pulses Sartorius (2001).
The proposed QD SOA-MZI ultra-fast all-optical processor can successfully solve three
problems of 3R regeneration. Indeed, the efficient pattern–effect free optical signal
re-amplification may be carried out in each arm by QD-SOAs. WC based on an all-optical
logic gate provides the re-shaping since noise cannot close the gate, and only the data signals
have enough power to close the gate Sartorius (2001). The re-timing in QD-SOA-MZI based
processor is provided by the optical clock which is also essential for the re-shaping Sartorius
(2001). Hence, if the CW signal is replaced with the clock stream, the 3R regeneration can
be carried out simultaneously with logic operations. The analysis shows that for strongly
distorted data signals a separate processor is needed providing 3R regeneration before the
data signal input to the logic gate.

4.6 Slow light propagation in SOA
One of the challenges of the optoelectronic technology is the ability to store an optical signal
in optical format. Such an ability can significantly improve the routing process by reducing
the routing delay, introducing data transparency for secure communications, and reducing
the power and size of electronic routers Chang-Hasnain (2006). A controllable optical delay
line can function as an optical buffer where the storage is proportional to variability of the
light group velocity vg defined as Chang-Hasnain (2006)

vg =
∂ω

∂k
=

c − ω
∂n(ω,k)

∂ω

n (ω, k) + ω
∂n(ω,k)

∂k

(55)

Here n (ω, k) is the real part of the refractive index, and k is waveguide (WG) propagation
constant. The signal velocity can be identified as the light group velocity vg for the signals
used in the optical communications where the signal bandwidth (1 − 100) GHz is much
less compared to the carrier frequency of about 193GHz Chang-Hasnain (2006). It is seen
from equation (55) that the group velocity vg can be essentially reduced for a large positive
WG dispersion ∂n/∂k and/or material dispersion ∂n/∂ω Chang-Hasnain (2006). Such a
phenomenon is called a slow light (SL) propagation Chang-Hasnain (2006), Dúill (2009), Chen
(2008). The WG dispersion can be realized by using gratings, periodic resonant cavities,
or photonic crystals Chang-Hasnain (2006). The material dispersion can be achieved by
gain or absorption spectral change. For instance, an absorption dip leads to a variation
of the refractive index spectrum with a positive slope in the same frequency range, due to
the Kramers-Kronig dispersion relation, which results in the SL propagation Chang-Hasnain
(2006). The slowdown factor S is given by Chang-Hasnain (2006).

S =
c
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=

n (ω, k) + ω
c

∂n(ω,k)
∂k

1 − ω
c
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Large material dispersion necessary for SL phenomenon can be obtained by using different
nonlinear optical effects such as electromagnetically induced transparency, FWM, stimulated
Brillouin scattering, stimulated Raman scattering, coherent population oscillations (CPO)
Chang-Hasnain (2006), Dúill (2009), Chen (2008). A sinusoidally modulated pump
propagating in a SOA induces XGM, XPM and FWM which results in amplitude and phase
changes. The sinusoidal envelope of the detected total field at SOA output exhibits a nonlinear
phase change that defines the slowdown factor S controllable via the SOA gain Dúill (2009).
It has been experimentally demonstrated that light velocity control by CPO can be realized in
bulk, QW and QD SOAs Chen (2008). The nanosecond radiative lifetime in SOAs corresponds
to a GHz bandwidth and is suitable for practical applications Chang-Hasnain (2006).
QW SOA is modelled as a two-level system. In such a system, a pump laser and a probe
laser of frequencies νp nd νs, respectively create coherent beating of carriers changing the
absorption and refractive index spectra Chang-Hasnain (2006). The sharp absorption dip
caused by CPO induced by the pump and probe was centered at zero detuning. For the
pump and probe intensities of 1 and 0.09kW/cm2, respectively, a slowdown factor S = 31200
and a group velocity vg = 9600m/s at zero detuning have been demonstrated Chang-Hasnain
(2006).
QD SOAs characterized by discrete electronic levels, efficient confinement of electrons and
holes, and temperature stability have been used for room temperature observation of CPO
based SL Chang-Hasnain (2006). SL effects have been observed in QD SOA under reverse bias,
or under a small forward bias current below the transparency level behaving as an absorptive
WG Chang-Hasnain (2006).

5. Conclusions

We reviewed the structure, operation principles, dynamics and performance characteristics
of bulk, QW and QD SOAs. The latest experimental and theoretical results concerning the
SOAs applications in modern communication systems clearly show that SOAs in general
and especially QW and QD SOAs are the most promising candidates for all-optical pulse
generation, WC, all-optical logics, and even SL generation. These applications are due to
SOA’s extremely high nonlinearity which results in efficient XGM, XPM and FWM processes.
In particular, QD SOAs are characterized by extremely low bias currents, low power level,
tunable radiation wavelength, temperature stability and compatibility with the integrated Si
photonics systems.
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1. Introduction     
Semiconductor optical amplifiers (SOAs) have attracted a lot of interest because of their 
application potential in the field of optical communications. Their use has been envisaged in 
different applications in the access, core and metropolitan networks. Particularly, they have 
been envisioned for all-optical signal processing tasks at very high bit rates that cannot be 
handled by electronics, such as wavelength conversion, signal regeneration, optical 
switching as well as logic operations. To implement such all-optical processing features, the 
phenomena mostly used are: cross gain modulation (XGM), cross phase modulation (XPM), 
four-wave mixing (FWM) and cross polarization modulation (XPolM). 
The aim of the present work is to present a qualitative and an exhaustive study of the 
nonlinear effects in the SOA structure and their applications to achieve important functions for 
next generation of optical networks. These phenomena are exploited in high speed optical 
communication networks to assure high speed devices and various applications, such as: 
wavelength converters in WDM networks, all-optical switches, optical logic gates, etc. 
Particularly, we focus on analyzing the impact of variation of intrinsic and extrinsic 
parameters of the SOA on the polarization rotation effect in the structure. This nonlinear 
behavior is investigated referring to numerical simulations using a numerical model that we 
developed based on the Coupled Mode Theory (CMT) and the formalism of Stokes. 
Consequently, it is shown that the azimuth and the ellipticity parameters of the output signal 
undergo changes according to injection conditions, i.e. by varying the operating wavelength, 
the input polarization state, the bias current, the confinement factor and obviously the SOA 
length, which plays an important role in the gain dynamics of the structure. We will show that 
the obtained results by the developed model are consistent with those obtained following the 
experimental measurements that have been carried out in free space. 
In addition, an investigation of the impact of nonlinear effects on the SOA behavior in linear 
operating and saturation regimes will be reported. Their exploitation feasibility for 
applications in high bit rate optical networks are therefore discussed. Hence, the impact of 
variation of the SOA parameters on the saturation phenomena is analyzed by our numerical 
simulations. It was shown that high saturation power feature, which is particularly required 
in wavelength division multiplexing (WDM) applications to avoid crosstalk arising from 
gain saturation effects, can be achieved by choosing moderate values of the operating 
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variation of the SOA parameters on the saturation phenomena is analyzed by our numerical 
simulations. It was shown that high saturation power feature, which is particularly required 
in wavelength division multiplexing (WDM) applications to avoid crosstalk arising from 
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parameters. Moreover, we will address one of the essential processes to consider in SOAs 
analysis, which is the noise. Particularly, we numerically simulate the impact of noise effects 
on the SOA behavior by measuring the gain, the optical signal to noise ratio and the noise 
figure. Although its gain dynamics provide very attractive features of high speed optical 
signal processing, we show that the noise is important in SOAs and can limit the 
performance of the structure. In order to remedy this, we show that using high bias current 
at moderate input signal power is recommended. 
We report and characterize the impact of the nonlinear polarization rotation on the behavior 
of a wavelength converter based on XGM effect in a SOA at 40 Gbit/s. Moreover, we 
investigate and evaluate its performance as function of the intrinsic and extrinsic SOA 
parameters, such as the bias current, the signal format, the input signal power and its 
polarization state that determine the magnitude of the polarization rotation by measuring 
the ellipticity and the azimuth. Also, the impact of noise effects on the structure behavior is 
investigated through determining the noise figure. In particular, we focus on the 
performance of an improved wavelength conversion system via the analysis of quality 
factor and bit error rate referring to numerical simulation. 
In this chapter, we deal either with the investigation of the SOA nonlinearities; particularly 
those are related to the polarization rotation, to exploit them to assure important optical 
functions for high bit rate optical networks. The dependence of SOA on the polarization of 
the light is an intrinsic feature which can lead to the deterioration of its performance. As a 
system, it is very inconvenient because of the impossibility to control the light polarization 
state, which evolves in a random way during the distribution in the optical fiber 
communication networks. For that reason, the technological efforts of the designers were 
essentially deployed in the minimization of the residual polarimetric anisotropy of the 
SOAs, through the development of almost insensitive polarization structures. On the other 
hand, various current studies have exploited the polarization concept to assure and 
optimize some very interesting optical functions for the future generation of the optical 
networks, as the wavelength converters, the optical regenerators and the optical logical 
gates. In this frame, many studies have demonstrated, by exploiting the nonlinear 
polarization rotation, the feasibility of the implementation of optical logical gates, 
wavelength converters and 2R optical regenerators. 

2. Semiconductor optical amplifier: Concept and state of the art 
2.1 SOA architecture 
A semiconductor optical amplifier (SOA) is an optoelectronic component, which is 
characterized by a unidirectional or bidirectional access. Its basic structure, represented in 
figure 1, is slightly different from that of the laser diode. Indeed, there will be creation of the 
following effects: the inversion of population due to the electric current injection, the 
spontaneous and stimulated emission, the non-radiative recombination. Contrary to 
semiconductor lasers, there are no mirrors in their extremities but an antireflection coating, 
angled or window facet structures have been adopted to reduce light reflections into the 
circuit. SOAs manufacturing is generally made with III-V alloys, such as the gallium 
arsenide (GaAs), indium phosphide (InP) and various combinations of these elements 
according to the required band gap and the characteristics of the crystal lattice. In particular 
case for use around 1,55 µm, the couple InGaAsP and InP is usually used for the active layer 
and the substratum, respectively. 
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Fig. 1. SOA architecture. 

Typical physical features of the SOA structure, used in simulations, are listed in Table 1. 
 

Symbol Description Value 
Ibias Injection current 200 mA 
ηin Input coupling loss 3 dB 
ηout Output coupling loss 3 dB 
R1 Input facet reflectivity 5e-005 
R2 Output facet reflectivity 5e-005 
L Active layer length 500 µm 
W Active layer width 2.5 µm 
d Active layer height 0.2 µm 
Γ Optical confinement factor 30% 
vg Group velocity 75 000 000 m/s 
nr Active refractive index 3.7 

Table 1. SOA parameters used in simulation. 

2.2 SOA structure characteristics 
The SOA has proven to be a versatile and multifunctional device that will be a key building 
block for next generation of optical networks. The parameters of importance, used to 
characterize SOAs, are:  
• the gain bandwidth,  
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parameters. Moreover, we will address one of the essential processes to consider in SOAs 
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• the gain saturation,  
• the noise figure,  
• the polarisation independence,  
• the conversion efficiencies,  
• the input dynamic range,  
• the extinction ratio/crosstalk,  
• the tuning speed, 
• the wavelength of operation. 
The evolution of the SOA output power as function of the wavelength for various values of 
the input power is represented in figure 2. It shows that when the wavelength increases, the 
output power decreases. So, we can notice that when the input power injected into the SOA 
increases, the maximum of the output power will be moved towards the high wavelengths, 
which is due to the decrease of the carriers’ density. For example, for an input power of - 18 
dBm, the maximal output power is 5,41 dBm for a wavelength equal to 1520 nm; but for an 
injected power equal to -5 dBm, the maximum of the output power is 8,29 dBm and 
corresponds to a wavelength of 1540 nm. Whereas for an input power equal to 5 dBm, the 
maximal value of the output power is 8,95 dBm for a wavelength of 1550 nm. 
 

 

Fig. 2. SOA output power versus the wavelength of operation for different input powers.  

A wide optical bandwidth is a desirable feature for a SOA, so that it can amplify a wide range 
of signal wavelengths. In order to analyze the impact of the injection condition on this 
parameter, we represent simulation results of the SOA gain as function of the wavelength of 
the signal for different input powers. Referring to figure 3, we note that wavelength variations 
and the injected power have a significant impact on the gain bandwidth evolution. However, 
we can notice according to the obtained curves, which are drawn for a bias current of 200 mA, 
that when the input power increases, the gain maximum (known as the peak of the gain) is 
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moved towards the high wavelengths, which is due to the decrease of the carriers’ density. For 
an input power of -30 dBm, the gain peak is 26,6 dB at a wavelength equal to 1510 nm, but for 
an injected power of -10 dBm, the gain maximum is 17,65 dBm for a wavelength of 1535 nm. 
On the other hand, for a high input power of 5 dBm, for example, the gain peak, having a 
value of 3,96 dB, is reached for a signal wavelength of 1550 nm, which is higher than the 
wavelength corresponding to the last case. 
 

 
Fig. 3. Gain spectrum as a function of the injected input power. 
In order to look for the conditions which correspond to an improvement of the SOA 
functioning, we have analyzed the influence of the intrinsic parameters on the SOA 
performance by representing, in figure 4, the gain and the noise figure as function of the 
bimolecular recombination coefficient (B). We notice that the increase of the B coefficient 
entails a diminution of the gain and consequently an increase of the noise figure. These 
results are justified by the fact that when the B coefficient increases, there will be an increase 
of the carriers’ losses that are caused by the radiative and non-radiative recombination 
processes and consequently the carriers’ density decreases, which involves a gain decrease. 
In that case, the maximal value of the gain is 26,16 dB, which corresponds to a minimum of 
noise figure of 5,27 dB, a B coefficient equal to 9.10-16 m3.s-1 and an input power Pin= -30 
dBm. 

2.3 Noise effects in a SOA structure 
One of major processes to consider in the SOA analysis is the amplified spontaneous 
emission (ASE) noise, because it strongly affects the structure performance. It is also crucial 
in determining the bit error rate (BER) of the transmission system within which the 
amplifier resides. The injected signal and the ASE noise interact nonlinearly as they 
propagate along the SOA structure. Then, the interaction correlates different spectral 
components of the noise. Consequently, we can distinguish three types of noise, which are: 
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• the gain saturation,  
• the noise figure,  
• the polarisation independence,  
• the conversion efficiencies,  
• the input dynamic range,  
• the extinction ratio/crosstalk,  
• the tuning speed, 
• the wavelength of operation. 
The evolution of the SOA output power as function of the wavelength for various values of 
the input power is represented in figure 2. It shows that when the wavelength increases, the 
output power decreases. So, we can notice that when the input power injected into the SOA 
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injected power equal to -5 dBm, the maximum of the output power is 8,29 dBm and 
corresponds to a wavelength of 1540 nm. Whereas for an input power equal to 5 dBm, the 
maximal value of the output power is 8,95 dBm for a wavelength of 1550 nm. 
 

 

Fig. 2. SOA output power versus the wavelength of operation for different input powers.  
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that when the input power increases, the gain maximum (known as the peak of the gain) is 
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moved towards the high wavelengths, which is due to the decrease of the carriers’ density. For 
an input power of -30 dBm, the gain peak is 26,6 dB at a wavelength equal to 1510 nm, but for 
an injected power of -10 dBm, the gain maximum is 17,65 dBm for a wavelength of 1535 nm. 
On the other hand, for a high input power of 5 dBm, for example, the gain peak, having a 
value of 3,96 dB, is reached for a signal wavelength of 1550 nm, which is higher than the 
wavelength corresponding to the last case. 
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amplifier resides. The injected signal and the ASE noise interact nonlinearly as they 
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components of the noise. Consequently, we can distinguish three types of noise, which are: 



 Advances in Optical Amplifiers 

 

32 

• The shot noise. 
• The signal-spontaneous beat noise. 
• The spontaneous-spontaneous beat noise. 
 

 
Fig. 4. Evolution of the gain and the noise as a function of the bimolecular recombination 
coefficient (B) and the SOA injected power. 

The power of the ASE noise generated internally within the SOA is given by: 

                                         02. . . .( 1).ASE spP n h G Bν= −  (1) 
Where:  
G: is the gain at the optical frequency ν,  
h: represents the Planck’s constant,  
B0: is the optical bandwidth of a filter within which PASE is determined, 
nsp: refers to the population inversion factor (sometimes called the spontaneous emission 
factor). 
For an ideal amplifier, nsp is equal to 1, corresponding to a complete inversion of the 
medium. However, in the usual case, the population inversion is partial and so nsp > 1. 
The shot noise results in the detection of the received total optical power due to the signal 
and the power of the ASE noise. It is given by the following equation: 
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Where Be is the electrical bandwidth of the photo-detector. 
The noise contribution due to the signal exists as well there is no optical amplifier; this later 
simply modifies the signal power, then the shot noise power related to this introduces a 
supplementary shot noise that is associated to the detection of the ASE. 
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The two intrinsic components related to beat noise are produced when optical signals and 
ASE coexist together. The first type of beat noise which is the signal-spontaneous beat noise 
occurs between optical signals and ASE having frequency close to that of the optical signals. 
It is given by the following equation: 
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The second type, which is the spontaneous-spontaneous beat noise, occurs between ASEs. It 
is expressed as follows: 
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The signal-spontaneous beat noise is preponderant for a strong input signal, whereas the 
spontaneous-spontaneous beat noise is dominating when there is an injection of a small 
input power. Compared to the shot noise and the signal-spontaneous beat noise, the 
spontaneous-spontaneous beat noise can be significantly minimized by placing an optical 
filter having a bandwidth B0 after the amplifier. 
A convenient way to quantify and characterize the noise and describe its influence on the 
SOA performance is in terms of Noise Figure (NF) parameter. It represents the amount of 
degradation in the signal to noise ratio caused by amplification process, and it is defined as 
the ratio between the optical signal to noise ratio (OSNR) of the signal at the input and 
output of SOA: 
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The OSNR of the input signal is given by the following equation (Koga & Matsumoto, 1991): 
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The OSNR of the input signal is proportional to the optical power of the input signal, or 
more specifically to the input number of photons per unit time (Pin/hν). Whereas, the OSNR 
of the output signal is defined by: 
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Accordingly, by substituting equations (2), (3), (4), (6) and (7) into (5), the noise figure can be 
written as follows: 
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In practical case, the last two terms can be neglected because the ASE power is weak 
compared with the signal power; otherwise the spontaneous-spontaneous beat noise can be 
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In practical case, the last two terms can be neglected because the ASE power is weak 
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minimized by placing an optical filter at the output. So the noise figure can be rewritten as 
(Simon et al., 1989): 

 1 12. .sp
GNF n

G G
−

≈ +  (9) 

Since spontaneous emission factor (nsp) is always greater than 1, the minimum value of NF 
is obtained for nsp=1. So, for large value of gain (G>>1), the noise figure of an ideal optical 
amplifier is 3dB. This is considered as the lowest NF that can be achieved. This implies that 
every time an optical signal is amplified, the signal to noise ratio is reduced to the half. 
The NF can be expressed as function of the power of ASE noise, which is given by (1), as 
follows: 
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Fig. 5. Evolution of the noise figure as a function of the SOA gain for different bias current 
values. 
The NF is represented as function of the gain in figure 5. This result is very significant 
because it allows us to choose the characteristics of the SOA in order to obtain the highest 
value of the gain for a minimum noise figure. So, we can notice that a low gain corresponds 
to a high value of NF; whereas to have the possible maximum of the gain while satisfying 
the criterion of low noise, it is necessary to choose the highest bias current possible. 

2.4 Linear and saturation operating regimes in a SOA structure 
A SOA amplifies input light through stimulated emission by electrically pumping the 
amplifier to achieve population inversion. It should have large enough gain for such 
application. The gain is dependent on different parameters, such as the injected current, the 
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device length, the wavelength and the input power levels. The SOA gain decreases as the 
input power is increased. 
This gain saturation of the SOA is caused not only by the depletion of carrier density owing 
to stimulated emission, but also by the main intraband processes, such as spectral hole 
burning (SHB) and carrier heating (CH). However, when the SOA is operated with pulses 
shorter than a few picoseconds, intraband effects become important.  
The origin of gain saturation lies in the power dependence of the gain coefficient where the 
population inversion due to injection current pumping is reduced with the stimulated 
emission induced by the input signal.  
The saturation power parameter of the SOAs is of practical interest. It is a key parameter of 
the amplifier, which influences both the linear and non-linear properties. It is defined as the 
optical power at which the gain drops by 3 dB from the small signal value. That is to say, it 
is the optical power which reduces the modal gain to half of the unsaturated gain.  
The saturation output power of the SOA is given by (Connelly, 2002): 

                                                                      .sat s
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Where: 
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A: denotes the active region cross-section area, 
Γ: represents the optical confinement factor coefficient, 
aN: symbolizes the differential modal gain, 
τs: makes reference to spontaneous carrier lifetime. 
High saturation output power is a desirable SOA characteristic, particularly for power 
booster and multi-channel applications. Referring to equation (11), the saturation output 
power can be improved by increasing the saturation output intensity (Is) or reducing the 
optical confinement factor. The former case can be achieved either by reducing the 
differential modal gain and/or the spontaneous carrier lifetime. Since the last parameter (τs) 
is inversely proportional to carrier density, operation at a high bias current leads to an 
increase in the saturation output power. Nevertheless, when the carrier density increases, 
the amplifier gain also increases, making resonance effects more significant. 
As the saturation output power depends inversely on the optical confinement factor, the 
single pass gain can be maintained by reducing this coefficient or by increasing the amplifier 
length. This process is not always necessary for the reason that the peak material gain 
coefficient shifts to shorter wavelengths as the carrier density is increasing. 
When the average output power is at least 6 dB less than the output saturation power, non-
linear effects are not observed and the SOA is in the linear regime. This linear operating 
regime, which is closely related to the output saturation power, is defined as the output 
power of an SOA where the non-linear effects do not affect the input multi-channel signal. 
Gain saturation effects introduce undesirable distortion to the output signal. So, an ideal 
SOA should have very high saturation output power to achieve good linearity and to 
maximize its dynamic range with minimum distortion. Moreover, high saturation output 
power is desired for using SOAs especially in wavelength division multiplexing (WDM) 
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device length, the wavelength and the input power levels. The SOA gain decreases as the 
input power is increased. 
This gain saturation of the SOA is caused not only by the depletion of carrier density owing 
to stimulated emission, but also by the main intraband processes, such as spectral hole 
burning (SHB) and carrier heating (CH). However, when the SOA is operated with pulses 
shorter than a few picoseconds, intraband effects become important.  
The origin of gain saturation lies in the power dependence of the gain coefficient where the 
population inversion due to injection current pumping is reduced with the stimulated 
emission induced by the input signal.  
The saturation power parameter of the SOAs is of practical interest. It is a key parameter of 
the amplifier, which influences both the linear and non-linear properties. It is defined as the 
optical power at which the gain drops by 3 dB from the small signal value. That is to say, it 
is the optical power which reduces the modal gain to half of the unsaturated gain.  
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power can be improved by increasing the saturation output intensity (Is) or reducing the 
optical confinement factor. The former case can be achieved either by reducing the 
differential modal gain and/or the spontaneous carrier lifetime. Since the last parameter (τs) 
is inversely proportional to carrier density, operation at a high bias current leads to an 
increase in the saturation output power. Nevertheless, when the carrier density increases, 
the amplifier gain also increases, making resonance effects more significant. 
As the saturation output power depends inversely on the optical confinement factor, the 
single pass gain can be maintained by reducing this coefficient or by increasing the amplifier 
length. This process is not always necessary for the reason that the peak material gain 
coefficient shifts to shorter wavelengths as the carrier density is increasing. 
When the average output power is at least 6 dB less than the output saturation power, non-
linear effects are not observed and the SOA is in the linear regime. This linear operating 
regime, which is closely related to the output saturation power, is defined as the output 
power of an SOA where the non-linear effects do not affect the input multi-channel signal. 
Gain saturation effects introduce undesirable distortion to the output signal. So, an ideal 
SOA should have very high saturation output power to achieve good linearity and to 
maximize its dynamic range with minimum distortion. Moreover, high saturation output 
power is desired for using SOAs especially in wavelength division multiplexing (WDM) 
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systems. Figure 6 shows that the highest value of the saturation output power, which 
corresponds to very fast dynamics of the carriers’ density, is obtained when a strong bias 
current is used. Furthermore, we can notice that a high value of the bias current can 
engender a high gain with a high saturation output power. On the other hand, a low bias 
current corresponds to a less strong gain with a less high saturation output power, but the 
saturation input power is stronger. 
 

 
Fig. 6. Evolution of the gain as a function of the output power and the SOA bias current. 

Because of the SOA’s amplification and nonlinear characteristics, SOAs or integrated SOAs 
with other optical components can be exploited to assure various applications for high bit 
rate network systems. Moreover, large switching matrices comprised of SOA gates can be 
constructed to take advantage of the SOA gain to reduce insertion losses, to overcome 
electronic bottlenecks in switching and routing. The fast response speed can also be utilized 
effectively to perform packet switching. 

3. SOA nonlinearities 
SOAs are showing great promise for use in evolving optical networks and they are 
becoming a key technology for the next generation optical networks. They have been 
exploited in many functional applications, including switching (Kawaguchi, 2005), 
wavelength conversion (Liu et al., 2007), power equalization (Gopalakrishnapillai et al., 
2005), 3R regeneration (Bramerie et al., 2004), logic operations (Berrettini et al., 2006), etc., 
thanks to their nonlinear effects, which are the subject of the current section. The effects are: 
the self gain modulation (SGM), the self phase modulation (SPM), the self induced nonlinear 
polarization modulation (SPR), the cross-gain modulation (XGM), the cross-phase 
modulation (XPM), the four-wave mixing (FWM) and the cross-polarization modulation 
(XPolM). These functions, where there is no conversion of optical signal to an electrical one, 
are very useful in transparent optical networks. 
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In SOA operational regime, there is a variation of the total density of the carriers and their 
distributions. This variation engenders intraband and interband transitions. The interband 
transition changes the carrier density but does not affect the carrier distribution. It is 
produced by the stimulated emission, the spontaneous emission and the non-radiative 
recombination. The modification of the total density of the carriers comes along with the 
modification of the carriers in the same band. The intraband transitions, such as spectral 
hole burning (SHB) and carrier heating (CH) are at the origin of the fast dynamics of the 
SOAs. They change the carrier distribution in the conduction band. 
The main nonlinear effects involved in the SOAs, having for origin carriers dynamics and 
caused mainly by the change of the carriers density induced by input signals, are the 
following ones: 

3.1 Self Gain Modulation 
The self gain modulation (SGM) is an effect which corresponds to the modulation of the 
gain induced by the variation of the input signal power. It can be used to conceive a 
compensator of signal distortion. 

3.2 Self Phase Modulation 
The self phase modulation (SPM) is a nonlinear effect that implies the phase modulation of 
the SOA output signal caused by the refractive index variation induced by the variation of 
the input signal power. 

3.3 Self induced nonlinear Polarization Rotation 
The self induced nonlinear polarization rotation (SPR) translates the self rotation of the 
polarization state of the SOA output signal with regard to input one. 

3.4 Cross-Gain Modulation 
The cross-gain modulation (XGM) is a nonlinear effect, which is similar to the SGM. It implies 
the modulation of the gain induced by an optical signal (known as a control or pump signal), 
which affects the gain of a probe signal propagating simultaneously in the SOA. The XGM can 
take place in a SOA with a co-propagative or counter-propagative configuration. 

3.5 Cross-Phase Modulation 
The cross-phase modulation (XPM) is a nonlinear effect, which is similar to the SPM. It 
corresponds to the change of the refractive index induced by an optical signal (known as a 
control or pump signal), which affects the phase of another optical signal (probe) 
propagating at the same time in the SOA structure. 

3.6 Four Wave Mixing 
The four wave mixing (FWM) is a parametric process, which is at the origin of the 
production of new frequencies. It can be explained by the beating between two or several 
optical signals having different wavelengths propagating in the SOA structure, which 
generates signals having new optical frequencies. 
The FWM effect in SOAs has been shown to be a promising method for wavelength 
conversion. It is attractive since it is independent of modulation format, capable of 
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systems. Figure 6 shows that the highest value of the saturation output power, which 
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3.4 Cross-Gain Modulation 
The cross-gain modulation (XGM) is a nonlinear effect, which is similar to the SGM. It implies 
the modulation of the gain induced by an optical signal (known as a control or pump signal), 
which affects the gain of a probe signal propagating simultaneously in the SOA. The XGM can 
take place in a SOA with a co-propagative or counter-propagative configuration. 

3.5 Cross-Phase Modulation 
The cross-phase modulation (XPM) is a nonlinear effect, which is similar to the SPM. It 
corresponds to the change of the refractive index induced by an optical signal (known as a 
control or pump signal), which affects the phase of another optical signal (probe) 
propagating at the same time in the SOA structure. 

3.6 Four Wave Mixing 
The four wave mixing (FWM) is a parametric process, which is at the origin of the 
production of new frequencies. It can be explained by the beating between two or several 
optical signals having different wavelengths propagating in the SOA structure, which 
generates signals having new optical frequencies. 
The FWM effect in SOAs has been shown to be a promising method for wavelength 
conversion. It is attractive since it is independent of modulation format, capable of 
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dispersion compensation and ultra fast. So, wavelength conversion based on FWM effect 
offers strict transparency, including modulation-format and bit-rate transparency, and it is 
capable of multi-wavelength conversions. However, it has low conversion efficiency and 
needs careful control of the polarization of the input lights (Politi et al., 2006). The main 
drawbacks of wavelength conversion based on FWM are polarization sensitivity and the 
frequency-shift dependent conversion efficiency. 

3.7 Cross-Polarization Modulation 
The cross-polarization modulation (XPolM) effect in a SOA structure, which has been 
subject of many investigations in recent years, is a nonlinear effect similar to the SPR. It 
denotes the polarization rotation of a beam propagating in a SOA affected by the 
polarization and the power of a relatively strong control beam, introduced simultaneously 
into the amplifier. When two signals are injected in the SOA, an additional birefringence 
and gain compression affects the SOA. The two signals affect one another by producing 
different phase and gain compression on the transverse electric (TE) and transverse 
magnetic (TM) components (because the gain saturation of the TE and TM modes is 
different). This results in a rotation of the polarization state for each signal. The SOA bias 
current, and the input signal power are among the parameters that determine the 
magnitude of the polarization rotation. As a result, the XPolM effect in SOA is then directly 
related to the TE/TM mode discrepancy of XPM and XGM. 
The nonlinear polarization rotation that occurs in the SOA is demonstrated to perform very 
interesting functionalities in optical networks. However, it is exploited in optical gating, in 
wavelength conversion, in regeneration and in all-optical switching configurations that are 
required for wavelength routing in high-speed optical time-division multiplexing networks. 

4. Modelling of polarization rotation in SOAs using the Coupled Mode Theory 
4.1 Analysis of the polarization rotation in SOA with application of Stokes parameters 
A convenient method to describe the state of polarization is in terms of Stokes parameters. 
They provide a very useful description of the polarization state of an electromagnetic wave. 
Moreover, they characterize the time-averaged electric-field intensity and the distribution of 
polarization among three orthogonal polarization directions on the Poincaré sphere. They 
are used in this work to analyze the polarization change at the SOA output with relation to 
its state at the input for various length of the active region. They are noted as (S0, S1, S2, S3) 
and defined as (Flossmann et al., 2006): 
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Where:   
S0 is a parameter that translates the total intensity. 
S1 refers to the intensity difference between the horizontal polarization and the vertical 
polarization. 
S2 makes reference to the difference between intensities transmitted by the axes (45°, 135°). 
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S3 is a parameter that expresses the difference between intensities transmitted for the left 
and right circular polarizations.  

TEφ and TMφ denote the phase shift for the TE and TM modes, respectively. 
The normalized Stokes parameters that can be measured at the SOA structure output by 
using a polarization analyzer are given by: 
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The phase shift variation can be written as follows: 
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The relationship of the normalized Stokes parameters to the orientation (azimuth) and the 
ellipticity angles, ψ and χ, associated with the Poincaré Sphere is shown in the following 
equations (Guo & Connelly, 2005): 
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Therefore, the polarization change at the SOA output can be analyzed and evaluated by the 
azimuth and the ellipticity that can be expressed as function of normalized Stokes parameters: 
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4.2 Concept of the proposed model 
In this model, which is based on the coupled mode theory (CMT), we assume that the 
optical field is propagating in the z-direction of the SOA structure and it is decomposed into 
TE and TM component. In addition, the TE/TM gain coefficients are supposed, in a 
saturated SOA, to be not constant along the amplifier length and then can be written as the 
following forms (Connelly, 2002): 
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Where gTE and gTM are the gain coefficients, ΓTE and ΓTM denote the confinement factors, αTE 
and αTM symbolize the efficient losses, respectively for TE and TM modes. gm designates the 
gain material coefficient. 
To estimate the polarization sensitivity of a saturated amplifier, the material intensity gain 
coefficient is assumed to be saturated by the light intensity as the following equation 
(Gustavsson, 1993): 
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dispersion compensation and ultra fast. So, wavelength conversion based on FWM effect 
offers strict transparency, including modulation-format and bit-rate transparency, and it is 
capable of multi-wavelength conversions. However, it has low conversion efficiency and 
needs careful control of the polarization of the input lights (Politi et al., 2006). The main 
drawbacks of wavelength conversion based on FWM are polarization sensitivity and the 
frequency-shift dependent conversion efficiency. 

3.7 Cross-Polarization Modulation 
The cross-polarization modulation (XPolM) effect in a SOA structure, which has been 
subject of many investigations in recent years, is a nonlinear effect similar to the SPR. It 
denotes the polarization rotation of a beam propagating in a SOA affected by the 
polarization and the power of a relatively strong control beam, introduced simultaneously 
into the amplifier. When two signals are injected in the SOA, an additional birefringence 
and gain compression affects the SOA. The two signals affect one another by producing 
different phase and gain compression on the transverse electric (TE) and transverse 
magnetic (TM) components (because the gain saturation of the TE and TM modes is 
different). This results in a rotation of the polarization state for each signal. The SOA bias 
current, and the input signal power are among the parameters that determine the 
magnitude of the polarization rotation. As a result, the XPolM effect in SOA is then directly 
related to the TE/TM mode discrepancy of XPM and XGM. 
The nonlinear polarization rotation that occurs in the SOA is demonstrated to perform very 
interesting functionalities in optical networks. However, it is exploited in optical gating, in 
wavelength conversion, in regeneration and in all-optical switching configurations that are 
required for wavelength routing in high-speed optical time-division multiplexing networks. 

4. Modelling of polarization rotation in SOAs using the Coupled Mode Theory 
4.1 Analysis of the polarization rotation in SOA with application of Stokes parameters 
A convenient method to describe the state of polarization is in terms of Stokes parameters. 
They provide a very useful description of the polarization state of an electromagnetic wave. 
Moreover, they characterize the time-averaged electric-field intensity and the distribution of 
polarization among three orthogonal polarization directions on the Poincaré sphere. They 
are used in this work to analyze the polarization change at the SOA output with relation to 
its state at the input for various length of the active region. They are noted as (S0, S1, S2, S3) 
and defined as (Flossmann et al., 2006): 
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S0 is a parameter that translates the total intensity. 
S1 refers to the intensity difference between the horizontal polarization and the vertical 
polarization. 
S2 makes reference to the difference between intensities transmitted by the axes (45°, 135°). 
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S3 is a parameter that expresses the difference between intensities transmitted for the left 
and right circular polarizations.  

TEφ and TMφ denote the phase shift for the TE and TM modes, respectively. 
The normalized Stokes parameters that can be measured at the SOA structure output by 
using a polarization analyzer are given by: 
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The phase shift variation can be written as follows: 
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The relationship of the normalized Stokes parameters to the orientation (azimuth) and the 
ellipticity angles, ψ and χ, associated with the Poincaré Sphere is shown in the following 
equations (Guo & Connelly, 2005): 
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Therefore, the polarization change at the SOA output can be analyzed and evaluated by the 
azimuth and the ellipticity that can be expressed as function of normalized Stokes parameters: 
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4.2 Concept of the proposed model 
In this model, which is based on the coupled mode theory (CMT), we assume that the 
optical field is propagating in the z-direction of the SOA structure and it is decomposed into 
TE and TM component. In addition, the TE/TM gain coefficients are supposed, in a 
saturated SOA, to be not constant along the amplifier length and then can be written as the 
following forms (Connelly, 2002): 
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Where gTE and gTM are the gain coefficients, ΓTE and ΓTM denote the confinement factors, αTE 
and αTM symbolize the efficient losses, respectively for TE and TM modes. gm designates the 
gain material coefficient. 
To estimate the polarization sensitivity of a saturated amplifier, the material intensity gain 
coefficient is assumed to be saturated by the light intensity as the following equation 
(Gustavsson, 1993): 
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Referring to the coupled mode equations developed in (Gustavsson, 1993) that take into 
account the coupling between the TE and TM modes, the evolution of the electromagnetic 
field envelope in the SOA active region can be written under the following equations: 
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Where  
Δβ represents the difference between the propagation constants βTE and βTM for TE and TM 
modes, respectively.  
Ccpl,i (with i={1,2}) denotes the coupling coefficient given by the following equation: 
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With: "κi" is a constant. 
Hence, the evolution of the electromagnetic field envelope in the active region of the SOA 
can also be written under the following matrix form: 
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The solution of the set of differential equations (20) is not available in analytical form. Then, 
for calculating the electromagnetic field envelope in the SOA structure, it is primordial to 
use a numerical method; that is the object of the next section. 

4.3 Numerical method formulation 
The numerical method adopted to calculate electromagnetic field envelope of SOA, is based 
on a numerical integration approach of the differential equations in the z-direction. Firstly, 
the equation (22) is reformulated as: 
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The initial solution of equation (24) at a position z=z0+Δz is given by: 

  ( )0 0 0 0( ) ( ).exp . ( ).A z z A z j M z z+ Δ = − Δ  (27) 

For the fact that the matrix M is not constant in the interval Δz, it is necessary to apply a 
correction to the initial solution. The correction term is expressed as: 
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Where 0A is the average value of A(z) in the interval [z0, z0+Δz].  
Then, the final solution will be written as the following form: 
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For the numerical implementation of the described method, the exponential term in 
equation (27) is developed as a finite summation of Taylor series terms as: 
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In which 1( )qO z+ Δ  denotes that the remaining error is order (q+1) in Δz.  
Finally, in order to reduce the calculation time, it is worthwhile to calculate the 
electromagnetic field envelope of SOA recursively as the following form: 
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4.4 Numerical simulation results and their experimental validation  
In the implementation of the developed model, which is proposed in the section 4.3, using 
the theoretical background described above, the Taylor series is evaluated up to the 
twentieth order. In order to validate the results obtained by this approach, we have 
performed an experiment which was done in free-space. Its setup consists of a commercial 
InGaAsP/InP SOA structure, which is positioned so that their TE and TM axes correspond 
to the horizontal and vertical axes of the laboratory referential, respectively. The laboratory 
refers to the RESO lab in the National Engineering School of Brest, France. Light emitted 
from the SOA was collected and collimated with a microscope objective, then passed 
through a quarter-wave plate and a linear polarizer acting as an analyzer, before being 
recollected with a fibred collimator, connected to an optical spectrum analyzer with an 
optical band-pass filter, having a bandwidth of 0.07 nm in order to reject the amplified 
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The solution of the set of differential equations (20) is not available in analytical form. Then, 
for calculating the electromagnetic field envelope in the SOA structure, it is primordial to 
use a numerical method; that is the object of the next section. 

4.3 Numerical method formulation 
The numerical method adopted to calculate electromagnetic field envelope of SOA, is based 
on a numerical integration approach of the differential equations in the z-direction. Firstly, 
the equation (22) is reformulated as: 
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4.4 Numerical simulation results and their experimental validation  
In the implementation of the developed model, which is proposed in the section 4.3, using 
the theoretical background described above, the Taylor series is evaluated up to the 
twentieth order. In order to validate the results obtained by this approach, we have 
performed an experiment which was done in free-space. Its setup consists of a commercial 
InGaAsP/InP SOA structure, which is positioned so that their TE and TM axes correspond 
to the horizontal and vertical axes of the laboratory referential, respectively. The laboratory 
refers to the RESO lab in the National Engineering School of Brest, France. Light emitted 
from the SOA was collected and collimated with a microscope objective, then passed 
through a quarter-wave plate and a linear polarizer acting as an analyzer, before being 
recollected with a fibred collimator, connected to an optical spectrum analyzer with an 
optical band-pass filter, having a bandwidth of 0.07 nm in order to reject the amplified 
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spontaneous emission. The passing axis of the linear polarizer, when set vertically, 
coincided with the TM axis in the sample and defined a reference direction from which the 
orientation angle θ of the fast axis of the quarter-wave plate was estimated. This orientation 
could be modified, as the quarter-wave plate was mounted on a rotation stage whose 
movements were accurately determined by a computer-controlled step motor. 
The presence of an injected optical signal affects the carrier density and includes strong 
modifications of the birefringence and dichroism experienced by the signal itself in the SOA 
active zone. Consequently, the input optical signal experiences a modification of its 
polarization state due to the intrinsic birefringence and residual differential gain of the 
active region. In the linear operating regime, the SOA output polarization remains nearly 
independent of the input power. However, within the saturation regime, a self-induced 
nonlinear rotation of polarization takes place and depends upon input power, because of 
carrier density variations which modify induced birefringence and residual differential gain. 
This causes fast variations of the state of polarization of the output signal, both in terms of 
azimuth and ellipticity parameters, which are analyzed in this section by varying the SOA 
injection conditions. 
 

 
Fig. 7. Evolution of the azimuth of the output state of polarization of the SOA as a function 
of the injected input power for a bias current of 225 mA. 
Figure 7 depicts the evolution of the azimuth at the output as a function of the input signal 
power initially injected at an angle θ. When θ = 0° or θ = 90°, the azimuth undergoes a small 
variation. Whereas, when θ = 45° or θ = 135° that corresponds to the injection with identical 
TE/TM powers, a significant change of the polarization state is shown when the input 
signal power becomes high, which corresponds to the saturation regime, contrarily for low 
values that refer to the linear operating regime. However, we can notice that the results 
obtained are in good agreement with the experimental measurements. 
The ellipticity, which is shown in figure 8, experiences a slight increase when there is an 
augmentation of the injected power for an angle θ equal to 0° or 90°. However, for the case 
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of injecting the input power with θ = 45° or θ = 135°, the ellipticity parameter experiences 
significant variations. 
 

 
Fig. 8. Evolution of the ellipticity of the output state of polarization of the SOA versus the 
input signal power for a bias current of 225 mA. 
According to the results presented in figure 9, we can notice that the phase shift is almost 
constant when the input signal power is very low. It decreases rapidly by augmenting the 
injected power. This behavior is explained by the diminution of carrier density due to the 
stimulated emission as the input power is increased. Also, it mirrors the variation of 
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Fig. 7. Evolution of the azimuth of the output state of polarization of the SOA as a function 
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5. Application of SOA nonlinearities to achieve wavelength conversion 
All-optical wavelength converters are considered key components in future WDM optical 
networks due to their main advantage that consists of increasing the flexibility and the 
capacity of these networks and facilitating WDM network management. Moreover, they 
form an essential part of the wavelength routing switch that is employed in the all-optical 
buffering concept. All-optical wavelength conversion can be realized by using fiber 
nonlinearities or nonlinearities in semiconductor devices. 
In the last few years, a considerable attention has been focusing on SOAs and their potential 
use in optical communication systems. Especially, SOAs have generated more and more 
interest when optical signal processing is involved. Subsequently, they are exploited to 
achieve wavelength conversion at high bit rates, which is a very important function in 
conjunction with WDM systems. This reason makes them also very useful in wavelength 
routers, which manage wavelength paths through optical networks based on complex 
meshes, rather than point-to-point architectures (Wei et al., 2005). 
Many studies have paid more attention on SOA performance for implementing and 
configuring wavelength conversion sub-systems. Hence, several optical wavelength 
converters based on SOA nonlinearities have been proposed and discussed, such as XGM 
(Tzanakaki & O’Mahony, 2000), XPM (Matsumoto et al., 2006), FWM (Contestabile et al., 
2004), and XPolM (Wei et al., 2005). Each configuration has its advantages and 
disadvantages and thus its framework of application in optical communication networks. 
Optical wavelength converters based on SOA nonlinearities, which are fundamental 
components in today’s photonic networks, offer advantages in terms of integration potential, 
power consumption, and optical power efficiency. However, the major limitation of SOA-
based wavelength converters is the slow SOA recovery, causing unwanted pattern effects in 
the converted signal and limiting the maximum operation speed of the wavelength converters. 
It has already been theoretically and experimentally clarified that the increase in electrical 
pumping power, confinement factor and the device interaction length effectively improve the 
speed performance (Joergensen et al., 1997). For improving the SOA-based wavelength 
converters, some techniques are proposed, such as: Fiber Bragg grating at 100 Gbit/s (Ellis et 
al., 1998), interferometric configuration at 168 Gbit/s (Nakamura et al., 2001), two cascaded 
SOAs at 170.4 Gbit/s (Manning et al., 2006) and optical filtering at 320 Gbit/s (Liu et al., 2007). 
In this section, we evaluate the influence of SOA parameters and the signal format (non 
return-to-zero “NRZ” or return-to-zero “RZ”) on the behavior of the structure used in 
wavelength conversion configuration and we analyze the performance dependence on 
several critical operation parameters of the SOA structure. 

5.1 Concept of wavelength conversion based on SOA nonlinear effects  
All-optical wavelength conversion refers to the operation that consists of the transfer of the 
information carried in one wavelength channel to another wavelength channel in the optical 
domain. It is a key requirement for optical networks because it has to be used to extend the 
degree of freedom to the wavelength domain. Moreover, All-optical wavelength conversion 
is also indispensable in future optical packet switching (OPS) networks to optimize the 
network performance metrics, such as packet loss rate and packet delay (Danielsen et al., 
1998). Also, it is very useful in the implementation of switches in WDM networks. In 
addition, it is crucial to lower the access blocking probability and therefore to increase the 
utilization efficiency of the network resources in wavelength routed optical networks. 
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While a significant part of network design, routing and wavelength assignment depends on 
the availability and performance of wavelength converters; and as many techniques have 
been explored and discussed in this context, all-optical wavelength converters based on 
SOA structures have attracted a lot of interest thanks to their attractive features, such as the 
small size, the fast carrier dynamics, the multifunctional aspect and the high potential of 
integration. The main features of a wavelength converter include its transparency to bit rate 
and signal format, operation at moderate optical power levels, low electrical power 
consumption, small frequency chirp, cascadability of multiple stages of converters, and 
signal reshaping. 
When a RZ pump (the data signal) at wavelength λ1 and a continuous wave (CW) probe 
signal at wavelength λ2 are injected into an SOA, the pump modulates the carrier density in 
its active region and hence its gain and refractive index. This leads to a change in the 
amplitude and phase of the CW probe signal. In the case of XGM, the output probe signal 
from the SOA carries the inverted modulation of the RZ input data signal. 
The XPM is used to obtain an output probe signal with non-inverted modulation, whereby 
the phase modulation of the probe signal is converted to amplitude modulation by an 
interferometer. Particularly, in the wavelength conversion based on the XGM scheme, a 
strong input signal is needed to saturate the SOA gain and thereby to modulate the CW 
signal carrying the new wavelength. While the XGM effect is accompanied by large chirp 
and a low extinction ratio, and limited by the relatively slow carrier recovery time within 
the SOA structure, impressive wavelength conversion of up to 40 Gbit/s and with some 
degradation even up to 100 Gbit/s (Ellis et al., 1998), has been demonstrated. 
To overcome the XGM disadvantages, SOAs have been integrated in interferometric 
configurations, where the intensity modulation of the input signal is transferred into a phase 
modulation of the CW signal and exploited for switching. These XPM schemes enable 
wavelength conversion with lower signal powers, reduced chirp, enhanced extinction ratios 
and ultra fast switching transients that are not limited by the carrier recovery time. 
Subsequently, wavelength conversion based on the XPM effect with excellent signal quality 
up to 100 Gbit/s, has been demonstrated (Leuthold et al., 2000) by using a fully integrated 
and packaged SOA delayed interference configuration that comprises a monolithically 
integrated delay loop, phase shifter and tunable coupler. 
The FWM effect in SOAs has been shown to be a promising method for wavelength 
conversion. It is attractive since it is independent of modulation format, capable of 
dispersion compensation and ultra fast. So, wavelength conversion based on FWM offers 
strict transparency, including modulation-format and bit-rate transparency, and it is capable 
of multi-wavelength conversions. However, it has a low conversion efficiency and needs 
careful control of the polarization of the input lights (Politi et al., 2006). The main drawbacks 
of wavelength conversion based on FWM are polarization sensitivity and the frequency-
shift dependent conversion efficiency. 
Wavelength conversion based on XPolM is another promising approach. It uses the optically 
induced birefringence and dichroism in an SOA and it has great potential to offer 
wavelength conversion with a high extinction ratio. 
The influence of the nonlinear polarization rotation and the intrinsic and extrinsic SOA 
parameters on the performance of a wavelength converter based on XGM effect is the 
subject of the next section. 
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5.2 Impact of polarization rotation on the performance of wavelength conversion 
based on XGM at 40 Gbit/s  
Gain saturation of the SOA structure induces nonlinear polarization rotation that can be 
used to realize wavelength converters (Liu et al., 2003). Depending on the system 
configuration, inverted and non-inverted polarity output can be achieved. Recently, a 
remarkable wavelength conversion at 40 Gb/s with multi-casting functionality based on 
nonlinear polarization rotation has been demonstrated (Contestabile et al., 2005). The 
proposed wavelength converter based on XGM effect in a wideband traveling wave SOA 
(TW-SOA) at 40 Gbit/s, is presented in figure 10. 
 

 
Fig. 10. Schematic of the wavelength converter configuration. 
 

                
(a) at λ1 (OTDV 1)                                                       (b) at λ2 (OTDV 2) 

Fig. 11. Evolution of the output signal by varying the CW input power for an RZ format 
signal. 
An input signal obtained from a WDM transmitter, called the pump, at the wavelength λ1= 
1554 nm and a CW signal, called the probe light, at the desired output wavelength λ2=1550 
nm are multiplexed and launched co-directionally in the wideband TW-SOA. The pump 
wave modulates the carrier density and consequently the gain of the SOA. The modulated 
gain modulates the probe light, so that the output probe light, which is known as the 
converted signal, contains the information of the input signal, and achieve wavelength 
conversion (from λ1 to λ2). 
By varying the CW input power and the input format signal, we visualized the output 
signal power by using the OTDV1 and OTDV2, as illustrated in figures 11 and 12. So, we 
can notice that a strong input signal is needed to saturate the SOA gain and thereby to 

Semiconductor Optical Amplifier Nonlinearities  
and Their Applications for Next Generation of Optical Networks   

 

47 

modulate the CW signal, as shown in figures 11b and 12b. Also, this is accompanied by a 
modulation inversion of the output signal, which is considered one among the drawbacks of 
the wavelength conversion using XGM. 
 
 

               
(a) at λ1 (OTDV 1)                                                   (b) at λ2 (OTDV 2) 

 

Fig. 12. Evolution of the output signal power as a function of the CW power for an NRZ 
format signal. 

Birefringent effects are induced when the pump is coupled into the structure, owing to the 
TE/TM asymmetry of the confinement factors, the carriers’ distributions, the induced 
nonlinear refractive indices and the absorption coefficients of the SOA. Consequently, the 
linear input polarization is changed and becomes elliptical at the output as the input power 
is increased. Thus, the azimuth and ellipticity vary at the SOA output, as shown in figure 
13a. A significant change of the polarization state is shown when the CW input power is 
high, contrarily for low values that correspond to a linear operating regime. Moreover, this 
polarization rotation varies not only with the pump power but also as a function of the 
RZ/NRZ signal format and the optical confinement factor. 
  
 

  
(a)                                                                           (b) 

 

Fig. 13. Evolution of the azimuth, the ellipticity, the noise figure and the output power as a 
function of the input signal power, the signal format and the optical confinement factor. 
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Fig. 13. Evolution of the azimuth, the ellipticity, the noise figure and the output power as a 
function of the input signal power, the signal format and the optical confinement factor. 
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The transfer function, illustrated in figure 13b, shows that the linear operating regime is 
exhibited when the input power is low; then the RZ signal format with a high optical 
confinement factor is the privileged case. The saturation regime occurs as we are increasing 
the input powers, which corresponds to a gain saturation that can cause significant signal 
distortion at the output of the wavelength converter. Consequently, in the proposed 
wavelength converter scheme, we can use a band-pass filter just after the SOA, centered on 
λ2 to suppress the spontaneous noise and to extract only the converted signal containing the 
information of the input signal. Moreover, the discussed wavelength converter 
configuration can be used to interface access-metro systems with the core network by 
achieving wavelength conversion of 1310 to 1550 nm since multi-Gbit/s 1310 nm 
transmission technology is commonly used in access and metro networks and the long-haul 
core network is centered on 1550 nm window. 
In order to analyze the wavelength converter performance in detail, we adopt a wavelength 
conversion scheme based on an RZ configuration. The used SOA has a bias current I= 
150mA and is connected to a receiver composed of a Bessel optical filter centered on λ2, a 
photo-detector PIN, a low pass Bessel filter and a Bit-Error-Rate (BER) analyzer. The default 
order of the Bessel optical filter was set to 4 in the subsequent simulations. 
By varying the input power, the maximum value for the Q-factor, the minimum value for 
the BER, the eye extinction ratio and the eye opening factor versus decision instant are 
shown in figures 14 and 15. 
The results obtained demonstrate that the optimal point corresponds to an input power 
equal to -39 dBm. The BER analyzer eye diagram for this case is represented in figure 16. As 
for the order of the Bessel low pass filter at the receiver, it has been also studied to observe 
its effects on performance of the system. It appears from figure 16, that the change of the 
filter order "m" has a slight variation on the performance of the simulated system. 
So, we can conclude that high-speed wavelength conversion seems to be one of the most 
important functionalities required to assure more flexibility in the next generation optical 
networks, since wavelength converters, which are the key elements in future WDM 
networks, can reduce wavelength blocking and offer data regeneration. 
 

 
(a)                                                                        (b) 

 

Fig. 14. Evolution of the Q-factor and the BER for different values of the input power. 
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(a)                                                                        (b) 

 
Fig. 15. Evolution of the eye extinction ratio and the eye opening factor for different values 
of the input power. 
 
 

  
(a)                                                                        (b) 

 
Fig. 16. Evolution the eye diagram, the Q factor and the BER by changing the order of the 
Bessel low pass filter "m" for an input power equal to -39 dBm. 

6. Conclusion 
In this chapter, an investigation of SOA nonlinearities and their applications for future 
optical networks are presented and discussed. We have shown that intrinsic and extrinsic 
SOA parameters, such as the bias current, the active region length, etc. play an important 
role in the SOA gain dynamics. As results, high saturation output power, which is especially 
preferred in WDM systems, can be achieved by increasing the bias current or by using short 
SOAs. An accurate choice of these parameters is very important for the determination of the 
best device operation conditions to achieve the desired functionality based on SOAs and 
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exploiting their linear or saturation operating regime in a variety of different applications 
for all-optical signal processing and in long-haul optical transmissions.  
We have also analyzed the impact of SOA parameter variations on the polarization rotation 
effect, which is investigated referring to a numerical model that we developed based on the 
Coupled Mode Theory and the formalism of Stokes. Subsequently, it is shown that the 
azimuth and the ellipticity parameters undergo changes according to injection conditions. 
Our model agrees well with available experimental measurements that have been carried 
out in free space and also reveals the conditions for the validity of previous simpler 
approaches. 
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1. Introduction 
1.1 SOAs as nonlinear elements in Mach-Zehnder Interferometers  
Although SOAs have been initially introduced as integrated modules mainly for optical 
amplification purposes, they have been widely used in all optical signal processing 
applications, like all-optical switching and wavelength conversion, utilizing the exhibited 
nonlinearities such as gain saturation, cross-gain (XGM) and cross-phase modulation (XPM). 
These nonlinear effects that present the most severe problem and limit the usefulness of 
SOAs as optical amplifiers in lightwave systems can be proven attractive in optically 
transparent networks. The origin of the nonlinearities lies in the SOA gain saturation and in 
its correlation with the phase of the propagating wave, since the carrier density changes 
induced by the input signals are affecting not only the gain but also the refractive index in 
the active region of the SOA. The carrier density dynamics within the SOA are very fast 
(picosecond scale) and thus the gain responds in tune with the fluctuations in the input 
power on a bit by bit basis even for optical data at 10 or 40 Gb/s bit-rates (Ramaswami & 
Sivarajan, 2002).  
If more than one signal is injected into the SOA, their nonlinear interaction will lead to XPM 
between the signals. However, in order to take advantage of the XPM phenomenon and 
create functional devices, the SOAs have to be placed in an interferometric configuration 
such as a Mach-Zehnder Interferometer (MZI) that converts phase changes in the signals to 
intensity variations at its output exploiting interference effects. Semiconductor Optical 
Amplifier-based Mach-Zehnder Interferometers (SOA-MZIs) have been widely used in the 
past years as all-optical high speed switches for signal conditioning and signal processing, 
mainly due to their low switching power requirements and their potential for integration 
(Maxwell, 2006). Using this type of switch, a set of processing operations ranging from 
demultiplexing (Duelk et al.,1999) to regeneration (Ueno et al., 2001) and wavelength 
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conversion (Nielsen et al. 2003) to optical sampling (Fischer et al. 2001) and optical flip-flops 
(Hill et al. 2001, Pleros et al. 2009) has been demonstrated, highlighting multi-functionality 
as an additional advantage of SOA-MZI devices. Within the same frame, SOA-MZI devices 
have proven very efficient in dealing with packet-formatted optical traffic allowing for their 
exploitation in several routing/processing demonstrations for optical packet or burst 
switched applications, performing successfully in challenging and demanding 
functionalities like packet envelope detection (Stampoulidis et al, 2007), packet clock 
recovery (Kanellos et al, 2007a), label/payload separation (Ramos et al, 2005), burst-mode 
reception (Kanellos et al, 2007a, 2007b) and contention resolution (Stampoulidis et al, 
2007).A brief description of the most important SOA-MZI signal processing applications and 
their principle of operation is provided in the following paragraphs.  
 

 
Fig. 1. Single MZI basic functionalities: a) wavelength conversion b) demultiplexing c) 
Boolean logic (XOR) operation d) 2R regeneration e) Clock recovery (CR) f) Packet envelope 
detection (PED) 

1.1.1 Wavelength converters  
An important class of application area for SOA-MZIs is wavelength conversion both for RZ 
and NRZ data formats, offering also 2R regenerative characteristics to the wavelength 
converted signal as a result of their nonlinear transfer function. Several schemes were 
developed during the decade of the 1990s (Durhuus et al. 1994), and many others have been 
proposed since then ((Stubkjaer, 2000; Wolfson et al. 2000; Leuthold, J. 2001; Nakamura et al. 
2001; M. Masanovic et al. 2003; Apostolopoulos et al. 2009a).  
Figure 1(a) depicts the standard WC layout employing a single control signal that is inserted 
into one of the two MZI arms causing a gain and phase variation only to one of the two CW 
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signal components. This configuration offers the advantage of reduced complexity but is 
liable to result in pulse broadening and significant patterning effects due to the unbalanced 
gain saturation in the two SOAs, severely limiting the operational speed of the device 
especially when NRZ pulses are used. In the case of RZ signal formats, unequal SOA gain-
induced speed restrictions can be overcome by the well-known “push-pull” architecture that 
employs two identical control signal entering the two SOAs with a differential time delay. In 
the case of NRZ data format, these effects are partially compensated in the bidirectional 
push-pull scheme, which employs two identical control pulses travelling in opposite 
directions through the two MZI branches, while further improvement is achieved by the 
recently proposed Differentially-biased NRZ wavelength conversion scheme that provides 
enhanced 2R regenerative characteristics (Apostolopoulos et al. 2009a,b). 

1.1.2 All-optical logic gates 
The successful employment of SOA-MZIs in all-optical Boolean logic configurations has 
been the main reason for referring to SOA-MZIs as the all-optical version of the electronic 
transistor. All-optical logic gates based on SOA-MZI structures using cross phase 
modulation have demonstrated several interesting merits, i.e. high extinction ratio, 
regenerative capability, high speed of operation, and low chirp in addition to low energy 
requirement and integration capability. Particular attention has been paid to the all-optical 
XOR gate that forms a key technology for implementing primary systems for binary address 
and header recognition, binary addition and counting, pattern matching, decision and 
comparison, generation of pseudorandom binary sequences, encryption and coding. This 
gate has been demonstrated at  40 Gb/s (Webb et al. 2003) using SOA-MZI schemes. Figure 
1 (c) presents the principle of Boolean XOR operation. Moreover, Kim et al. proposed and 
experimentally demonstrated all-optical multiple logic gates with XOR, NOR, OR, and 
NAND functions using SOA-MZI structures that enable simultaneous operations of various 
logic functions with high ER at high speed (Kim et al, 2005).  

1.1.3 All- Optical 2R/3R regeneration 
All–optical regeneration is employed at the input of an optical node in order to relieve the 
incoming data traffic from the accumulated signal quality distortions and to restore a high-
quality signal directly in the optical domain prior continuing its route through the network. 
2R regeneration generic layout comprises a SOA-MZI interferometer configured in 
wavelength conversion operation and powered with a strong CW signal. The saturated 
SOAs in combination with the interferometric transfer function of the gate exhibit a highly 
non-linear step-like response and the configuration operates as a power limiter (Pleros et al. 
2004), forcing unequal power level pulses to equalization. SOA-MZIs have been usually 
utilized as the nonlinear regenerating elements in several optical 2R regeneration 
experiments up to 40Gb/s (Apostolopoulos et al,2009a). The block diagram of this setup is 
shown in Fig. 1(d). All–optical 3R regeneration combines the 2R regeneration module, acting 
as a decision element, with a clock recovery unit, an important subsystem that produces 
high-quality data-rate clock pulses. The decision element is used for imprinting the 
incoming data logical information onto the “fresh” clock signal.  The clock recovery process 
has been demonstrated to perform with different length 40Gb/s asynchronous packets, 
using a low-Q FPF filter with a highly saturated SOA-MZI gate (Kanellos et al. 2007a). The 
block diagram setup of the clock recovery subsystem is shown in Fig. 1(e).  
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NAND functions using SOA-MZI structures that enable simultaneous operations of various 
logic functions with high ER at high speed (Kim et al, 2005).  

1.1.3 All- Optical 2R/3R regeneration 
All–optical regeneration is employed at the input of an optical node in order to relieve the 
incoming data traffic from the accumulated signal quality distortions and to restore a high-
quality signal directly in the optical domain prior continuing its route through the network. 
2R regeneration generic layout comprises a SOA-MZI interferometer configured in 
wavelength conversion operation and powered with a strong CW signal. The saturated 
SOAs in combination with the interferometric transfer function of the gate exhibit a highly 
non-linear step-like response and the configuration operates as a power limiter (Pleros et al. 
2004), forcing unequal power level pulses to equalization. SOA-MZIs have been usually 
utilized as the nonlinear regenerating elements in several optical 2R regeneration 
experiments up to 40Gb/s (Apostolopoulos et al,2009a). The block diagram of this setup is 
shown in Fig. 1(d). All–optical 3R regeneration combines the 2R regeneration module, acting 
as a decision element, with a clock recovery unit, an important subsystem that produces 
high-quality data-rate clock pulses. The decision element is used for imprinting the 
incoming data logical information onto the “fresh” clock signal.  The clock recovery process 
has been demonstrated to perform with different length 40Gb/s asynchronous packets, 
using a low-Q FPF filter with a highly saturated SOA-MZI gate (Kanellos et al. 2007a). The 
block diagram setup of the clock recovery subsystem is shown in Fig. 1(e).  
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1.1.4 DEMUX and Add/Drop multiplexer 
Demultiplexing and add/drop multiplexing have been among the first applications areas of 
SOA-MZI devices, successfully providing the required wavelength and/or data-rate 
adaptation at the node’s front-end. The use of SOA-MZI configurations has initially been 
demonstrated for demultiplexing purposes from 40 to 10 Gbit/s (Duelk et al.,1999). Figure 
1(b) presents the experimental set-up used for the demultiplexing operation. 

1.1.5 Burst-Mode Receiver 
Burst-mode reception (BMR) is a highly challenging yet necessary functionality on the way 
to optical packet and burst-mode switched networks, as it has to be capable of adapting to 
and handling arriving packets with different phase alignment and optical power levels, 
ensuring at the same time successful regeneration at the intermediate network nodes or 
error-free reception at the end-user terminals. SOA-MZI-based designs have been already 
presented in several 2R and 3R setups to simplify the BMR circuit design, whereas the 
interconnection of four cascaded SOA-MZI gates has led also to the first BMR architecture 
demonstrated at 40Gb/s (Kanellos et al. 2007a). Each one of the four SOA-MZI modules in 
this BMR setup provides a different functional task, namely wavelength conversion, power 
level equalization, clock recovery and finally regeneration or reception.  

1.1.6 Optical RAM 
Buffering and Random Access Memory (RAM) functionality have been the main weakness of 
photonic technologies compared to electronics, mainly due to the neutral charge of photon 
particles that impedes them to mimic the storage behavior of electrons. The first all-optical 
static RAM cell with true random access read/write functionality has been only recently 
feasible by exploiting a SOA-MZI-based optical flip-flop and two optically controlled SOA-
based ON/OFF switches (Pleros et al. 2009), providing a proof-of-principle solution towards 
high-speed all-optical RAM circuitry. The optical flip-flop serves as the single-bit memory 
element utilizing the wavelength dimension and the coupling mechanism between the two 
SOA-MZIs for determining the memory content, whereas the two SOAs operate as XGM 
ON/OFF switches controlling access to the flip-flop configuration. 

1.1.7 Contention resolution 
Packet envelope detection is performed by extracting the envelope of the incoming optical 
packets (Figure 1(f)). All-optical PED has been demonstrated using an integrated SOA-MZI 
(Stampoulidis et al. 2007). In these experiments the PED circuit consists of a passive filter in 
combination with an SOA-MZI gate operated as a low-bandwidth 2R regenerator. The PED 
circuit generates a packet envelope, indicating the presence of a packet at the specific 
timeslot.  The same experimental work has demonstrated contention resolution in the 
wavelength domain, using the PED signal to wavelength-convert the deflected packets 
(Stampoulidis et al. 2007). 

1.2 Progress in fabrication and integration: technology overview 
The large variety of signal processing and routing applications demonstrated during the last 
decade by means of SOA-MZI-based circuitry has been mainly a result of the remarkable 
progress in monolithic and hybrid photonic integration. This has allowed for increased 
integration densities at high-speed channel rates, offering at the same time the potential for 

A Frequency Domain Systems Theory Perspective for Semiconductor Optical Amplifier  
- Mach Zehnder Interferometer Circuitry in Routing and Signal Processing Applications   

 

57 

multiple SOA-MZI interconnection even in cascaded stages (Zakynthinos et al.2007, 
Apostolopoulos et al. 2009b), lower cost, smaller footprints and lower power consumption. 
The silica-on-silicon hybrid integration platform developed by the Center for Integrated 
Photonics (CIP, U.K.) has been proven a technique of great potential, enabling flip-chip 
bonding of pre-fabricated InP and InGaAsP components, including SOAs and modulators, 
on silicon boards with low loss waveguides (Maxwell et al.  2006). This technique relies on 
the design and development of a planar silica waveguide acting as a motherboard, which is 
capable of hosting active and passive devices, similar to the electronic printed circuit board 
used in electronics. The active elements of the device are independently developed on 
precision-machined silicon submounts called “daughterboards.” In the case of SOA-MZI 
development, the daughterboards are designed to host monolithic SOA chips and provide 
all suitable alignment stops. The daughterboard consists of a double SOA array and is flip 
chipped onto the motherboard. This platform has led also to the implementation of 
multielement photonic integrated circuits, paving the way towards true all-optical systems 
on-chip that can yield both packaging and fiber pig-tailing cost reduction while retaining 
cost effectiveness through a unified integration platform for a variety of all-optical devices. 
Toward this milestone, SOA_MZI regenerators integrated on the same chip with bandpass 
filtering elements have been shown to perform successfully in WDM applications (Maxwell 
et al. 2006), while high-level system applications have been demonstrated by making use of 
the first quadruple arrays of hybridly integrated SOA-MZI gates (Stampoulidis et al. 2008). 
Monolithic integration has also witnessed significant progress, presenting Photonic Integrated 
Circuits (PICs) that incorporate several active and passive components, being capable of 
meeting different performance requirements on a single chip. A butt-joint growth-based 
integration platform was explored to incorporate both high- and low-confinement active 
regions in the same device. To this end, monolithically widely tunable all-optical differential 
SOA-MZI wavelength converter operating at 40Gb/s have been implemented (Lal et al. 2006), 
whereas the device functionality was extended by incorporating an electrical modulation stage 
yielding a monolithic Packet Forwarding Chip (PFC). These structures enabled the successful 
realization of three major high-rate packet switching functions in a single monolithic device, 
allowing for simultaneous tunability, all-optical wavelength conversion, and optical label 
encoding. Monolithic integration holds also the record number of more than 200 passive and 
active elements integrated on the same functional chip, leading to the first 8x8 InP monolithic 
tunable optical router capable of operating at 40-Gb/s (Nicholes et al. 2010). 

1.3 Modeling and Theory approaches so far  
Despite the significant progress in SOA-MZI-based applications and the maturity reached in 
this technology during the last years, its theoretical toolkit is still missing a holistic 
frequency domain analysis that will be capable of yielding a common basis for the 
qualitative understanding of all SOA-MZI enabled nonlinear functionalities. Although 
single SOAs have been extensively investigated using both time- and frequency-domain 
theoretical methods (Davies, 1995, Mørk et al.1999), SOA-MZI theory has mainly relied on 
time-domain simulation-based approaches (Melo et al. 2007) employing customized 
frequency-domain analytical methods only for specific applications (Kanellos et al 2007b). 
However, it is well-known from system’s theory that a unified frequency-domain 
argumentation of the experimentally proven multifunctional potential of SOA-MZIs can 
allow for simple analytical procedures in the performance analysis of complex SOA-MZI-
based setups, leading also to optimized configurations. The modulation bandwidth 
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1.1.4 DEMUX and Add/Drop multiplexer 
Demultiplexing and add/drop multiplexing have been among the first applications areas of 
SOA-MZI devices, successfully providing the required wavelength and/or data-rate 
adaptation at the node’s front-end. The use of SOA-MZI configurations has initially been 
demonstrated for demultiplexing purposes from 40 to 10 Gbit/s (Duelk et al.,1999). Figure 
1(b) presents the experimental set-up used for the demultiplexing operation. 

1.1.5 Burst-Mode Receiver 
Burst-mode reception (BMR) is a highly challenging yet necessary functionality on the way 
to optical packet and burst-mode switched networks, as it has to be capable of adapting to 
and handling arriving packets with different phase alignment and optical power levels, 
ensuring at the same time successful regeneration at the intermediate network nodes or 
error-free reception at the end-user terminals. SOA-MZI-based designs have been already 
presented in several 2R and 3R setups to simplify the BMR circuit design, whereas the 
interconnection of four cascaded SOA-MZI gates has led also to the first BMR architecture 
demonstrated at 40Gb/s (Kanellos et al. 2007a). Each one of the four SOA-MZI modules in 
this BMR setup provides a different functional task, namely wavelength conversion, power 
level equalization, clock recovery and finally regeneration or reception.  

1.1.6 Optical RAM 
Buffering and Random Access Memory (RAM) functionality have been the main weakness of 
photonic technologies compared to electronics, mainly due to the neutral charge of photon 
particles that impedes them to mimic the storage behavior of electrons. The first all-optical 
static RAM cell with true random access read/write functionality has been only recently 
feasible by exploiting a SOA-MZI-based optical flip-flop and two optically controlled SOA-
based ON/OFF switches (Pleros et al. 2009), providing a proof-of-principle solution towards 
high-speed all-optical RAM circuitry. The optical flip-flop serves as the single-bit memory 
element utilizing the wavelength dimension and the coupling mechanism between the two 
SOA-MZIs for determining the memory content, whereas the two SOAs operate as XGM 
ON/OFF switches controlling access to the flip-flop configuration. 

1.1.7 Contention resolution 
Packet envelope detection is performed by extracting the envelope of the incoming optical 
packets (Figure 1(f)). All-optical PED has been demonstrated using an integrated SOA-MZI 
(Stampoulidis et al. 2007). In these experiments the PED circuit consists of a passive filter in 
combination with an SOA-MZI gate operated as a low-bandwidth 2R regenerator. The PED 
circuit generates a packet envelope, indicating the presence of a packet at the specific 
timeslot.  The same experimental work has demonstrated contention resolution in the 
wavelength domain, using the PED signal to wavelength-convert the deflected packets 
(Stampoulidis et al. 2007). 

1.2 Progress in fabrication and integration: technology overview 
The large variety of signal processing and routing applications demonstrated during the last 
decade by means of SOA-MZI-based circuitry has been mainly a result of the remarkable 
progress in monolithic and hybrid photonic integration. This has allowed for increased 
integration densities at high-speed channel rates, offering at the same time the potential for 
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multiple SOA-MZI interconnection even in cascaded stages (Zakynthinos et al.2007, 
Apostolopoulos et al. 2009b), lower cost, smaller footprints and lower power consumption. 
The silica-on-silicon hybrid integration platform developed by the Center for Integrated 
Photonics (CIP, U.K.) has been proven a technique of great potential, enabling flip-chip 
bonding of pre-fabricated InP and InGaAsP components, including SOAs and modulators, 
on silicon boards with low loss waveguides (Maxwell et al.  2006). This technique relies on 
the design and development of a planar silica waveguide acting as a motherboard, which is 
capable of hosting active and passive devices, similar to the electronic printed circuit board 
used in electronics. The active elements of the device are independently developed on 
precision-machined silicon submounts called “daughterboards.” In the case of SOA-MZI 
development, the daughterboards are designed to host monolithic SOA chips and provide 
all suitable alignment stops. The daughterboard consists of a double SOA array and is flip 
chipped onto the motherboard. This platform has led also to the implementation of 
multielement photonic integrated circuits, paving the way towards true all-optical systems 
on-chip that can yield both packaging and fiber pig-tailing cost reduction while retaining 
cost effectiveness through a unified integration platform for a variety of all-optical devices. 
Toward this milestone, SOA_MZI regenerators integrated on the same chip with bandpass 
filtering elements have been shown to perform successfully in WDM applications (Maxwell 
et al. 2006), while high-level system applications have been demonstrated by making use of 
the first quadruple arrays of hybridly integrated SOA-MZI gates (Stampoulidis et al. 2008). 
Monolithic integration has also witnessed significant progress, presenting Photonic Integrated 
Circuits (PICs) that incorporate several active and passive components, being capable of 
meeting different performance requirements on a single chip. A butt-joint growth-based 
integration platform was explored to incorporate both high- and low-confinement active 
regions in the same device. To this end, monolithically widely tunable all-optical differential 
SOA-MZI wavelength converter operating at 40Gb/s have been implemented (Lal et al. 2006), 
whereas the device functionality was extended by incorporating an electrical modulation stage 
yielding a monolithic Packet Forwarding Chip (PFC). These structures enabled the successful 
realization of three major high-rate packet switching functions in a single monolithic device, 
allowing for simultaneous tunability, all-optical wavelength conversion, and optical label 
encoding. Monolithic integration holds also the record number of more than 200 passive and 
active elements integrated on the same functional chip, leading to the first 8x8 InP monolithic 
tunable optical router capable of operating at 40-Gb/s (Nicholes et al. 2010). 

1.3 Modeling and Theory approaches so far  
Despite the significant progress in SOA-MZI-based applications and the maturity reached in 
this technology during the last years, its theoretical toolkit is still missing a holistic 
frequency domain analysis that will be capable of yielding a common basis for the 
qualitative understanding of all SOA-MZI enabled nonlinear functionalities. Although 
single SOAs have been extensively investigated using both time- and frequency-domain 
theoretical methods (Davies, 1995, Mørk et al.1999), SOA-MZI theory has mainly relied on 
time-domain simulation-based approaches (Melo et al. 2007) employing customized 
frequency-domain analytical methods only for specific applications (Kanellos et al 2007b). 
However, it is well-known from system’s theory that a unified frequency-domain 
argumentation of the experimentally proven multifunctional potential of SOA-MZIs can 
allow for simple analytical procedures in the performance analysis of complex SOA-MZI-
based setups, leading also to optimized configurations. The modulation bandwidth 
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enhancement of the SOA-based Delayed Interferometer Signal Converter (DISC) through 
chirp filtering (Nielsen et al 2004) and its associated subsequent applications are timely 
examples for the research strength that can be unleashed by a solid theoretical frequency 
domain model. This chapter aims to introduce a frequency-domain description of the SOA-
MZI transfer function providing a solid system’s theory platform for the analysis and 
performance evaluation of SOA-MZI circuitry. The following sections have been structured 
so as to introduce the mathematical framework required for the SOA-MZI transfer function 
extraction, to present its application in several SOA-MZI architectural designs and, finally, 
to use it in the analysis and evaluation of well-known complex SOA-MZI-based devices 
exploiting well-established system’s theory procedures. 

2. Theory development 
2.1 SOA-MZI all-optical wavelength conversion generic layout 
SOA-MZI all optical wavelength conversion is the fundamental operation for the 
interferometric devices, as it represents either a stand-alone key network application or an 
essential sub-system functionality to be employed in larger and more complicated 
processing systems. The principle of operation of the SOA-MZI AOWCs relies on splitting 
the injected CW input signal into two spatial components that propagate through the two 
MZI branches and are forced to interfere at the output coupler after experiencing the 
induced SOA carrier density changes and the associated cross-gain (XGM) and cross-phase 
modulation (XPM) phenomena imposed by the control signals. In this way, the optical data 
signal serving as the Control (CTR) signal into the SOA-MZI is imprinted onto the CW input 
beam, resulting to a replica of the inserted data sequence carried by a new wavelength and 
emerging at the Switched-port (S-port) of the MZI. 
Fig. 2(a-c) illustrates all possible configurations of SOA-MZI-based wavelength converters 
and their principle of operation, with their classification being determined by the type of 
signals injected into the SOA-MZI. Fig. 2(a-c) illustrate the operation principle for each 
corresponding case. Fig. 2(d-f) show the amplitude and phase of the upper (x) and lower (y) 
cw components with the red solid line and the dotted lines, respectively, after passing 
through the SOA devices at the impulse of an NRZ pulse. 
   

 
Fig. 2. Description of the SOA-MZI wavelength conversion configurations: (a) standard, (b) 
push-pull and (c) differentially biased. 
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To this end, Fig. 2(a) illustrates the simplest configuration called the standard SOA-MZI 
scheme, employing a strong continuous wave (CW) signal at λ1 commonly inserted into 
both SOA-MZI branches after passing through the input 3 dB coupler. A weak data signal at 
λ2 is inserted into the upper branch as the control (CTRx) and is responsible for altering the 
gain and phase dynamics of the upper branch CW signal by stimulating the cross-gain 
(XGM) and cross-phase modulation (XPM) phenomena on the upper SOA. Finally, the two 
CW components traveling along the upper and lower SOA-MZI arms interfere 
constructively at the output 3 dB coupler, yielding the wavelength converted signal at the 
switched port. As shown in Fig.2(a), only the amplitude and phase of the upper CW 
component are affected (red line) due to the carrier modulation imposed by the input 
control pulse (CTRx), whereas the amplitude and phase of the lower CW component remain 
constant (dotted line) and they are only subject to the waveguide propagation loss.  The 
result of the interference between the two output CW components is the wavelength 
converted output signal shown at the top right corner, suffering though from slow rise and 
fall times due to the slow gain recovery time of the SOA. The second SOA-MZI wavelength 
conversion scheme is illustrated in Fig.2(b) and is called the PUSH PULL configuration. In 
this scheme, the control signal is split through a coupler and the two parts of the signal are 
fed as the control signals CTRx and CTRy of the upper and lower branches of the SOA-MZI 
after experiencing a differential time delay Δτ. In this way, the gains of the two SOAs are 
suppressed at different time instances separated by Δt, while the optical powers of the 
controls signals may be adjusted properly in order to induce a differential phase shift close 
to π rad (Fig.2.b) for the time fraction that the optical pulses of the two control signals are 
not overlapping in time. The output wavelength converted signal is dominated by this 
differential phase shift and appears at the switched port of the SOA-MZI. The width of the 
output optical pulse is strongly dependent on the differential time delay Δτ, while the rise 
and fall times are shorter compared to the standard operation since the symmetrical gain 
saturation at the upper and lower SOA-MZI arms cancels out the slow recovery time of the 
SOAs. The switching speed of the push-pull SOA-MZI configuration will increase as Δτ 
reduces and the switching window shrinks, enabling in this way high operational speeds. 
However, the requirement for Δτ delay between the two control signals enforces the 
availability of empty time durations within a single bit-slot, rendering this scheme suitable 
only for RZ optical pulses.  
The differentially biased scheme illustrated in Fig. 2(c) employs again two identical control 
signals entering the respective MZI arms, enabling again for their individual tuning of their 
power levels prior injected into the SOAs. However, the two control signals are now 
coinciding in time, whereas an additional CW’ signal at λ3 is inserted into the lower branch 
co-propagating in the respective SOA with the lower cw component. The additional CW’ is 
responsible for controlling independently the induced differential gain saturation at the 
upper and the lower SOA-MZI arms so as to yield an exact differential phase shift of π rad 
between the two CW input signal components at the absence of any control pulse, while 
exhibiting the same gain modulation when a control pulse is injected. Therefore, almost 
perfect interference conditions are met generating a high quality wavelength converted 
output signal.  Again, interference conditions yield the wavelength converted output signal 
inverted at the switched port. 
As successful WC relies on producing a replica of the original data signal onto the 
wavelength of the CW input signal, the spectral content of the original signal has to be 
transferred to the SOA-MZI output without experiencing any frequency dependent 
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enhancement of the SOA-based Delayed Interferometer Signal Converter (DISC) through 
chirp filtering (Nielsen et al 2004) and its associated subsequent applications are timely 
examples for the research strength that can be unleashed by a solid theoretical frequency 
domain model. This chapter aims to introduce a frequency-domain description of the SOA-
MZI transfer function providing a solid system’s theory platform for the analysis and 
performance evaluation of SOA-MZI circuitry. The following sections have been structured 
so as to introduce the mathematical framework required for the SOA-MZI transfer function 
extraction, to present its application in several SOA-MZI architectural designs and, finally, 
to use it in the analysis and evaluation of well-known complex SOA-MZI-based devices 
exploiting well-established system’s theory procedures. 

2. Theory development 
2.1 SOA-MZI all-optical wavelength conversion generic layout 
SOA-MZI all optical wavelength conversion is the fundamental operation for the 
interferometric devices, as it represents either a stand-alone key network application or an 
essential sub-system functionality to be employed in larger and more complicated 
processing systems. The principle of operation of the SOA-MZI AOWCs relies on splitting 
the injected CW input signal into two spatial components that propagate through the two 
MZI branches and are forced to interfere at the output coupler after experiencing the 
induced SOA carrier density changes and the associated cross-gain (XGM) and cross-phase 
modulation (XPM) phenomena imposed by the control signals. In this way, the optical data 
signal serving as the Control (CTR) signal into the SOA-MZI is imprinted onto the CW input 
beam, resulting to a replica of the inserted data sequence carried by a new wavelength and 
emerging at the Switched-port (S-port) of the MZI. 
Fig. 2(a-c) illustrates all possible configurations of SOA-MZI-based wavelength converters 
and their principle of operation, with their classification being determined by the type of 
signals injected into the SOA-MZI. Fig. 2(a-c) illustrate the operation principle for each 
corresponding case. Fig. 2(d-f) show the amplitude and phase of the upper (x) and lower (y) 
cw components with the red solid line and the dotted lines, respectively, after passing 
through the SOA devices at the impulse of an NRZ pulse. 
   

 
Fig. 2. Description of the SOA-MZI wavelength conversion configurations: (a) standard, (b) 
push-pull and (c) differentially biased. 
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To this end, Fig. 2(a) illustrates the simplest configuration called the standard SOA-MZI 
scheme, employing a strong continuous wave (CW) signal at λ1 commonly inserted into 
both SOA-MZI branches after passing through the input 3 dB coupler. A weak data signal at 
λ2 is inserted into the upper branch as the control (CTRx) and is responsible for altering the 
gain and phase dynamics of the upper branch CW signal by stimulating the cross-gain 
(XGM) and cross-phase modulation (XPM) phenomena on the upper SOA. Finally, the two 
CW components traveling along the upper and lower SOA-MZI arms interfere 
constructively at the output 3 dB coupler, yielding the wavelength converted signal at the 
switched port. As shown in Fig.2(a), only the amplitude and phase of the upper CW 
component are affected (red line) due to the carrier modulation imposed by the input 
control pulse (CTRx), whereas the amplitude and phase of the lower CW component remain 
constant (dotted line) and they are only subject to the waveguide propagation loss.  The 
result of the interference between the two output CW components is the wavelength 
converted output signal shown at the top right corner, suffering though from slow rise and 
fall times due to the slow gain recovery time of the SOA. The second SOA-MZI wavelength 
conversion scheme is illustrated in Fig.2(b) and is called the PUSH PULL configuration. In 
this scheme, the control signal is split through a coupler and the two parts of the signal are 
fed as the control signals CTRx and CTRy of the upper and lower branches of the SOA-MZI 
after experiencing a differential time delay Δτ. In this way, the gains of the two SOAs are 
suppressed at different time instances separated by Δt, while the optical powers of the 
controls signals may be adjusted properly in order to induce a differential phase shift close 
to π rad (Fig.2.b) for the time fraction that the optical pulses of the two control signals are 
not overlapping in time. The output wavelength converted signal is dominated by this 
differential phase shift and appears at the switched port of the SOA-MZI. The width of the 
output optical pulse is strongly dependent on the differential time delay Δτ, while the rise 
and fall times are shorter compared to the standard operation since the symmetrical gain 
saturation at the upper and lower SOA-MZI arms cancels out the slow recovery time of the 
SOAs. The switching speed of the push-pull SOA-MZI configuration will increase as Δτ 
reduces and the switching window shrinks, enabling in this way high operational speeds. 
However, the requirement for Δτ delay between the two control signals enforces the 
availability of empty time durations within a single bit-slot, rendering this scheme suitable 
only for RZ optical pulses.  
The differentially biased scheme illustrated in Fig. 2(c) employs again two identical control 
signals entering the respective MZI arms, enabling again for their individual tuning of their 
power levels prior injected into the SOAs. However, the two control signals are now 
coinciding in time, whereas an additional CW’ signal at λ3 is inserted into the lower branch 
co-propagating in the respective SOA with the lower cw component. The additional CW’ is 
responsible for controlling independently the induced differential gain saturation at the 
upper and the lower SOA-MZI arms so as to yield an exact differential phase shift of π rad 
between the two CW input signal components at the absence of any control pulse, while 
exhibiting the same gain modulation when a control pulse is injected. Therefore, almost 
perfect interference conditions are met generating a high quality wavelength converted 
output signal.  Again, interference conditions yield the wavelength converted output signal 
inverted at the switched port. 
As successful WC relies on producing a replica of the original data signal onto the 
wavelength of the CW input signal, the spectral content of the original signal has to be 
transferred to the SOA-MZI output without experiencing any frequency dependent 
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alterations. To this end, the transfer function of an ideal WC device should follow the profile 
of a low-pass filtering element with a flat frequency response and with its -3dB cut-off 
frequency denoting the maximum bit-rate that can be supported, as shown in Fig.3. Fig.3 
depicts the ideal frequency domain transfer function that should apply to the single SOA-
MZI when WC operation is targeted. 
 

 
Fig. 3. Ideal frequency domain transfer function for the SOA-MZI based wavelength 
conversion operation  
 

 
Fig. 4. Generic layout of SOA-MZI all-optical wavelength converter 

In order to perform a theoretical frequency domain analysis of the SOA-MZI under 
wavelength conversion operation, a generic layout of the SOA-MZI AOWC has to be 
employed that will be capable at expressing all three sub-cases. Fig.4 depicts a generic 
layout of SOA-MZI AOWC, depicting the input and output signals that may be employed in 
all schemes. As such, a cw signal with λ1 wavelength is inserted in the input port of the 
SOA-MZI while two counter propagating control signals of λ2 wavelength are considered at 
the input of upper and lower branches of the SOA-MZI respectively. Finally, an additional 
cw‘ signal of λ3 wavelength is considered at the input of the lower SOA-MZI branch. Note 
that each of the possible SOA-MZI AOWC configurations may be retrieved when 
eliminating the unnecessary inputs. For example, the standard SOA-MZI scheme is 
retrieved when considering Pcw’=0 and PCTR,y=0, while  PUSH-PULL SOA-MZI scheme is 
retrieved when considering   Pcw’=0. To this end, the derivation of a mathematical 
expression that describes the frequency response of the SOA-MZI AOWC generic layout 
will serve in easily extracting the frequency domain transfer function for each of the SOA-
MZI schemes, simply by incorporating in the final expression the input signal assumptions 
described. Finally, one important assumption is that the lower branch control signal is a 
copy of the upper branch control signal with different power levels and a differential time 
delay.This indicates that PCTR,y should be expressed as PCTR,y= mPCTR,x exp(-jωτ). 
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2.2 Frequency domain analysis theory development  
In this section, we theoretically derive an analytical expression for the frequency domain 
transfer function for the SOA-MZI AOWC generic layout  by employing simple 
approximations for modeling the SOA carrier dynamics based on first order perturbation 
theory. This will allow to gain qualitative insight in the efficiency of the wavelength 
conversion functionality versus operational frequency while allowing for the investigation 
of key device parameters on the wavelength conversion performance such as the material 
gain and the effective carrier lifetime of the SOAs. 
Our approach relies on small-signal analysis and first-order perturbation theory 
approximations for describing the response of both the SOA devices and the interferometer, 
following the principles employed in (Davies et al., 1999; Marcenac et al 1997;Nielsen et al 
2004). As both the SOA and the MZI configuration are governed by strongly nonlinear 
coupled equations, small-signal analysis and perturbation theory are employed in order to 
reduce them into linear expressions so as to enable their subsequent frequency domain 
treatment towards extracting their transfer function. The employment of first-order 
perturbation theory tools allows for the description of every time-dependent physical 
quantity as a sum of a direct current (dc) term and a perturbing term, which in our case is 
considered to oscillate at a frequency ω. To this end, every time-dependent variable X(t) 
incorporated in the equations governing the SOA-MZI layout is approximated as 

 X(t)=Xdc+ΔX·ejωt (1a) 

By applying this formalism in a nonlinear equation, separating the dc- from the perturbing-
equation terms and neglecting all higher order perturbing terms, two distinct linear 
equations are obtained: one employing the dc components and one employing all oscillating 
expressions. This simplifies their solution procedure, leading to linear relationships for the 
final system’s expressions  
As shown in Fig. 4, the power of every signal i follows the formalism iii PPP Δ+= , where 

iP  represents a steady state term and ΔPi represents a small perturbation superimposed on 
it. The SOA-MZI CW input signal employs only a dc power component cwP  that is split into 
two equal parts prior entering the SOAs, so that the power expressions of the CW signal 
components at the x- and y-branch SOA inputs equal: 

2/0,0, cwycwxcw PPP ==
 

The two spatial CW signal components are forced to interfere at the output 3dB coupler of 
the SOA-MZI after propagating through the x- and y- MZI arms and the respective SOA1 
and SOA2 modules. This interference results to an optical power PS emerging at the S-port 
of the MZI that is provided by the well-known expression (Pleros et al 2004): 
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(1b)

 
, where Pcw,x and Pcw,y stand for the power levels and φcw,x, φcw,y denote the respective phase 
values of the x- and y-branch CW signal constituents when interfering at the MZI output 
3dB coupler. By writing the power and phase quantities again as the sum of a dc and a 
perturbing signal component at frequency ω, i.e. 



 Advances in Optical Amplifiers 

 

60 

alterations. To this end, the transfer function of an ideal WC device should follow the profile 
of a low-pass filtering element with a flat frequency response and with its -3dB cut-off 
frequency denoting the maximum bit-rate that can be supported, as shown in Fig.3. Fig.3 
depicts the ideal frequency domain transfer function that should apply to the single SOA-
MZI when WC operation is targeted. 
 

 
Fig. 3. Ideal frequency domain transfer function for the SOA-MZI based wavelength 
conversion operation  
 

 
Fig. 4. Generic layout of SOA-MZI all-optical wavelength converter 

In order to perform a theoretical frequency domain analysis of the SOA-MZI under 
wavelength conversion operation, a generic layout of the SOA-MZI AOWC has to be 
employed that will be capable at expressing all three sub-cases. Fig.4 depicts a generic 
layout of SOA-MZI AOWC, depicting the input and output signals that may be employed in 
all schemes. As such, a cw signal with λ1 wavelength is inserted in the input port of the 
SOA-MZI while two counter propagating control signals of λ2 wavelength are considered at 
the input of upper and lower branches of the SOA-MZI respectively. Finally, an additional 
cw‘ signal of λ3 wavelength is considered at the input of the lower SOA-MZI branch. Note 
that each of the possible SOA-MZI AOWC configurations may be retrieved when 
eliminating the unnecessary inputs. For example, the standard SOA-MZI scheme is 
retrieved when considering Pcw’=0 and PCTR,y=0, while  PUSH-PULL SOA-MZI scheme is 
retrieved when considering   Pcw’=0. To this end, the derivation of a mathematical 
expression that describes the frequency response of the SOA-MZI AOWC generic layout 
will serve in easily extracting the frequency domain transfer function for each of the SOA-
MZI schemes, simply by incorporating in the final expression the input signal assumptions 
described. Finally, one important assumption is that the lower branch control signal is a 
copy of the upper branch control signal with different power levels and a differential time 
delay.This indicates that PCTR,y should be expressed as PCTR,y= mPCTR,x exp(-jωτ). 
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 xcwxcwxcw ,,, φφφ Δ+= , (2c) 

 ycwycwycw ,,, φφφ Δ+=
 (2d) 

and expanding equation (1) into a first-order Taylor series around 
[ xcwP ,Δ , ycwP ,Δ , xcw,φΔ , ycw,φΔ ]=[0,0,0,0], the PS output power can be expressed as: 
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The steady-state term sP  and the perturbing term ΔPs of the switched output power can 
now be easily identified as: 
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The theoretical analysis carried out so far applies to any type of MZI interferometers even 
when nonlinear media different than SOAs are employed in the MZI arms. Moreover, the 
wavelength conversion efficiency ηWC of the SOA-MZI is obtained by the ratio of the 
acquired over the initial perturbation, given in equation (6) below. 
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Our goal is to express the perturbing component of the output ΔPs as a linear function of the 
perturbing component of the input ΔPCTR.x, so as to obtain an expression of the wavelength 
conversion efficiency ηWC that is independent from the input signal. However, the exact 
solutions of (4) and (5) can only be derived if the nonlinear medium characteristics and their 
impact onto the propagating signal are taken into consideration in order to allow for the 
analytic expressions of both the steady-state and the perturbing power and phase terms at 
the two x- and y- branch CW signal components. This implies that analytic power and phase 
expressions in the case of the SOA-MZI can be only obtained by taking into account the 
interaction of the propagating beams with the respective SOA1 and SOA2 devices. 
The SOA carrier dynamics are described by a rate equation model that relates the power (7) 
and the phase (8) of every input signal i with the carrier density N, 
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where Γ is the confinement factor, αi is the gain parameter at wavelength i, N is the carrier 
density and Nt,i is the carrier density at transparency, αf is the linewidth enhancement factor 
and αint is the internal waveguide loss of the semiconductor. Following the same approach as 
we did for describing the optical signal power, both the phase information of the signals and 
the carrier density of the SOA device are expressed as the sum of a steady state term and a 
small varying term, respectively. Separating the steady state from the perturbation terms, in 
equations (7) and (8), generates a new set of equations (9)-(12) describing the evolution of 
the steady state terms iP   and iφ and the evolution of the perturbation terms ΔPi and iφΔ  for 
the power and phase, along the propagation axis z. 
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Δn describes the SOA carrier density change as given in (Davies et al 1999) 
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and expanding equation (1) into a first-order Taylor series around 
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The steady-state term sP  and the perturbing term ΔPs of the switched output power can 
now be easily identified as: 
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where Γ is the confinement factor, αi is the gain parameter at wavelength i, N is the carrier 
density and Nt,i is the carrier density at transparency, αf is the linewidth enhancement factor 
and αint is the internal waveguide loss of the semiconductor. Following the same approach as 
we did for describing the optical signal power, both the phase information of the signals and 
the carrier density of the SOA device are expressed as the sum of a steady state term and a 
small varying term, respectively. Separating the steady state from the perturbation terms, in 
equations (7) and (8), generates a new set of equations (9)-(12) describing the evolution of 
the steady state terms iP   and iφ and the evolution of the perturbation terms ΔPi and iφΔ  for 
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where Esat,i is the saturation energy of the SOA at wavelength λi and ω is the cyclic 
frequency. The effective carrier lifetime of the SOA denoted by teff is given by 

,

1 1 1
eff c s ii

t τ τ+= ∑  where, τc is the carrier lifetime, τs,i is the contribution of the signal i to 

the effective carrier lifetime and , ,s i sat i iE Pτ =  is the stimulated carrier recombination time. 
Analytical solution of equations (9)-(12) yields the power and phase information of the 
signals at the output of every SOA-MZI branch. Throughout the analysis, it has been 
assumed that the input perturbation imposed by the control signals ΔPCTR,x0 and ΔPCTR,y0 is 
responsible for modulating the carrier density of the SOAs and that the input continuous 
wave signals cw and cw׳ have no initial perturbation (i.e. ΔPcw0 = ΔPcw’0  = 0). It has been 
further assumed that, the input cw components traveling the upper and lower SOA-MZI 
branches are responsible for driving the SOAs into deep saturation and dominate their 
carrier dynamics (i.e. , 0 , 0 0CTR x CTR yP P= = ). 
At the upper SOA-MZI branch of the SOA-MZI the CTR,x signal imposes a perturbation on 
the carrier density of the upper SOA described by equation (14), 
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where the effective carrier lifetime of the upper SOA is given by 
, ,

1 1 1
eff c s cw xt τ τ= +  

assuming that the contribution of the control signal to the effective carrier lifetime is zero. 
The power of the upper cw component is obtained solving equations (9),(10) and its phase is 
obtained solving equations (11),(12) using (14). Therefore, for the steady state terms and the 
perturbation terms of the power and phase we get, 
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where, Pcw,0 is the power of the cw signal in the input of the interferometer (Fig.4), g is the 
modal gain given by ( ),i i t ig N Nα= Γ ⋅ ⋅ − (Davies et al 1999), where i is denoting the signal 
wavelength.  
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In the same way, the optical power of the CTRx signal at the output of the SOA is obtained 
by solving (10), taking into account that , 0 0CTR xP = .  

 ( ), , 0 intexpCTR x CTR xP P g a z⎡ ⎤Δ = Δ ⋅ − ⋅⎣ ⎦  (19) 

where , 0CTR xPΔ  is the initial perturbation imposed on the CTRx signal. 
At the lower SOA-MZI branch, the additional cw' signal employed is responsible for driving 
the lower SOA device into a slightly different saturation level than the upper SOA and thus 
the respective gain parameters are no longer equal (i.e. g' ≠ g). Furthermore, the SOA 
dimensions are assumed to be infinitely small and the direction of propagation is not taken 
into account in this model. Finally, the effective carrier lifetime of the lower SOA device 
comprises also by the additional contribution of the CW' signal 
(
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'eff c s cw y s cwt τ τ τ= + + ). At the lower SOA-MZI branch, the CW' signal is additionally 

contributing to the carrier density change of the lower SOA, now given by equation (20).  
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The steady state power and phase evolution of the CW,y component are given by equations 
(21) and (22).  
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The respective power perturbation of the CW,y signal is described by equation (23), taking 
into account equation (24), and it is derived following the same analysis. 
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where Esat,i is the saturation energy of the SOA at wavelength λi and ω is the cyclic 
frequency. The effective carrier lifetime of the SOA denoted by teff is given by 

,

1 1 1
eff c s ii

t τ τ+= ∑  where, τc is the carrier lifetime, τs,i is the contribution of the signal i to 

the effective carrier lifetime and , ,s i sat i iE Pτ =  is the stimulated carrier recombination time. 
Analytical solution of equations (9)-(12) yields the power and phase information of the 
signals at the output of every SOA-MZI branch. Throughout the analysis, it has been 
assumed that the input perturbation imposed by the control signals ΔPCTR,x0 and ΔPCTR,y0 is 
responsible for modulating the carrier density of the SOAs and that the input continuous 
wave signals cw and cw׳ have no initial perturbation (i.e. ΔPcw0 = ΔPcw’0  = 0). It has been 
further assumed that, the input cw components traveling the upper and lower SOA-MZI 
branches are responsible for driving the SOAs into deep saturation and dominate their 
carrier dynamics (i.e. , 0 , 0 0CTR x CTR yP P= = ). 
At the upper SOA-MZI branch of the SOA-MZI the CTR,x signal imposes a perturbation on 
the carrier density of the upper SOA described by equation (14), 
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where the effective carrier lifetime of the upper SOA is given by 
, ,

1 1 1
eff c s cw xt τ τ= +  

assuming that the contribution of the control signal to the effective carrier lifetime is zero. 
The power of the upper cw component is obtained solving equations (9),(10) and its phase is 
obtained solving equations (11),(12) using (14). Therefore, for the steady state terms and the 
perturbation terms of the power and phase we get, 
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where, Pcw,0 is the power of the cw signal in the input of the interferometer (Fig.4), g is the 
modal gain given by ( ),i i t ig N Nα= Γ ⋅ ⋅ − (Davies et al 1999), where i is denoting the signal 
wavelength.  
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In the same way, the optical power of the CTRx signal at the output of the SOA is obtained 
by solving (10), taking into account that , 0 0CTR xP = .  

 ( ), , 0 intexpCTR x CTR xP P g a z⎡ ⎤Δ = Δ ⋅ − ⋅⎣ ⎦  (19) 

where , 0CTR xPΔ  is the initial perturbation imposed on the CTRx signal. 
At the lower SOA-MZI branch, the additional cw' signal employed is responsible for driving 
the lower SOA device into a slightly different saturation level than the upper SOA and thus 
the respective gain parameters are no longer equal (i.e. g' ≠ g). Furthermore, the SOA 
dimensions are assumed to be infinitely small and the direction of propagation is not taken 
into account in this model. Finally, the effective carrier lifetime of the lower SOA device 
comprises also by the additional contribution of the CW' signal 
(

, , , '

1 1 1 1
'eff c s cw y s cwt τ τ τ= + + ). At the lower SOA-MZI branch, the CW' signal is additionally 

contributing to the carrier density change of the lower SOA, now given by equation (20).  
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The steady state power and phase evolution of the CW,y component are given by equations 
(21) and (22).  
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The respective power perturbation of the CW,y signal is described by equation (23), taking 
into account equation (24), and it is derived following the same analysis. 
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The spatial evolution of the frequency domain phase variation of the CW,y signal is given 
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To this end, the wavelength conversion efficiency of the differentially biased SOA-MZI 
scheme can be analytically derived by substituting (15)-(19) and (21)-(25) in equations (5) 
and (6). 
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3. SOA-MZI AOWC frequency domain transfer function analysis 
3.1 Standard SOA-based MZI scheme 
Standard SOA-based MZI scheme is the simplest configuration for performing wavelength 
conversion. This scheme can be modeled by equation (26) if we consider that at the lower 
SOA-MZI arm there is no input perturbation, i..e PCTR,y = 0 and ΔPCTR,y = 0. This is 
represented in (26) by setting m=0. Moreover, there is no second CW signal entering the 
lower SOA-MZI arm, leading to PCW’,y=0. Thus, the modal gain g΄ of the lower SOA equals g 
since the upper and lower SOAs are driven into the same saturation level (i.e. 
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PP P= =  ). By setting in (26) m=0, g=g’ and PCW’,y=0 we derive the analytical 

expression of the wavelength conversion efficiency for the standard SOA-MZI scheme given 
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Equation (27) provides an analytical expression for the frequency-domain transfer function 
of the SOA-MZI configuration. Fig. 5 depicts the respective normalized S-port conversion 
efficiency versus frequency for various values of the gz factor assuming that teff is 50psec, 
z=1mm and τc=200psec. As shown in Fig.5(a), three different operational regions with 
respect to the total gain gz can be identified for the MZI response. For small gz values like 1 
and 3, the MZI frequency response resembles that of a low-pass filtering element with a 
rather low 3-dB bandwidth that increases with gz. When gz continues to increase reaching 
gz=5, the MZI response extends to higher frequencies but exhibits a resonance peak around 
10GHz forming a transfer function shape that is more similar to that of a band-pass filter 
centered around this resonance, as shown experimentally in (Yan et al 2009). As gz exceeds 
the value of 5 approaching higher total gain values, this resonance peak continues to exist  
 

 
Fig. 5. a) The SOA-MZI frequency response for different total gain values and for an 
effective SOA gain recovery time of 50psec, (b,c,d) SOA-MZI response with high SOA gain 
for four different teff values (25ps,50ps, 100ps, 190ps) (b) gz=9, (c) gz=1, (d) gz=5. 

becoming, however, significantly weaker as gz increases. This indicates that the MZI 
response tends to develop a smoother frequency dependence for frequencies up to 25 GHz 
with spectral amplitude deviations residing within a 3dB limit. The existence of a resonance 
peak with varying amplitude depending on the SOA gain conditions has been presented 
experimentally in (Cao et al 2002). 
Fig. 5(b) depicts the SOA-MZI response when high SOA gain operation is utilized, again for 
the four different teff values. A low recovery time of 190psec yields just a low-pass filtering 
characteristic curve with small bandwidth values, but when teff decreases below 100psec the 
bandwidth is significantly enhanced extending beyond 40GHz for teff=25psec. At the same 
time, the MZI response continues to exhibit a resonance peak around a certain frequency 
that shifts to higher values for decreasing teff, however its effect is significantly weaker than 
in the case of moderate SOA gain levels, having an amplitude that is only 3dB higher 
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The spatial evolution of the frequency domain phase variation of the CW,y signal is given 
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To this end, the wavelength conversion efficiency of the differentially biased SOA-MZI 
scheme can be analytically derived by substituting (15)-(19) and (21)-(25) in equations (5) 
and (6). 
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3. SOA-MZI AOWC frequency domain transfer function analysis 
3.1 Standard SOA-based MZI scheme 
Standard SOA-based MZI scheme is the simplest configuration for performing wavelength 
conversion. This scheme can be modeled by equation (26) if we consider that at the lower 
SOA-MZI arm there is no input perturbation, i..e PCTR,y = 0 and ΔPCTR,y = 0. This is 
represented in (26) by setting m=0. Moreover, there is no second CW signal entering the 
lower SOA-MZI arm, leading to PCW’,y=0. Thus, the modal gain g΄ of the lower SOA equals g 
since the upper and lower SOAs are driven into the same saturation level (i.e. 
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Equation (27) provides an analytical expression for the frequency-domain transfer function 
of the SOA-MZI configuration. Fig. 5 depicts the respective normalized S-port conversion 
efficiency versus frequency for various values of the gz factor assuming that teff is 50psec, 
z=1mm and τc=200psec. As shown in Fig.5(a), three different operational regions with 
respect to the total gain gz can be identified for the MZI response. For small gz values like 1 
and 3, the MZI frequency response resembles that of a low-pass filtering element with a 
rather low 3-dB bandwidth that increases with gz. When gz continues to increase reaching 
gz=5, the MZI response extends to higher frequencies but exhibits a resonance peak around 
10GHz forming a transfer function shape that is more similar to that of a band-pass filter 
centered around this resonance, as shown experimentally in (Yan et al 2009). As gz exceeds 
the value of 5 approaching higher total gain values, this resonance peak continues to exist  
 

 
Fig. 5. a) The SOA-MZI frequency response for different total gain values and for an 
effective SOA gain recovery time of 50psec, (b,c,d) SOA-MZI response with high SOA gain 
for four different teff values (25ps,50ps, 100ps, 190ps) (b) gz=9, (c) gz=1, (d) gz=5. 

becoming, however, significantly weaker as gz increases. This indicates that the MZI 
response tends to develop a smoother frequency dependence for frequencies up to 25 GHz 
with spectral amplitude deviations residing within a 3dB limit. The existence of a resonance 
peak with varying amplitude depending on the SOA gain conditions has been presented 
experimentally in (Cao et al 2002). 
Fig. 5(b) depicts the SOA-MZI response when high SOA gain operation is utilized, again for 
the four different teff values. A low recovery time of 190psec yields just a low-pass filtering 
characteristic curve with small bandwidth values, but when teff decreases below 100psec the 
bandwidth is significantly enhanced extending beyond 40GHz for teff=25psec. At the same 
time, the MZI response continues to exhibit a resonance peak around a certain frequency 
that shifts to higher values for decreasing teff, however its effect is significantly weaker than 
in the case of moderate SOA gain levels, having an amplitude that is only 3dB higher 
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compared to the amplitudes of the lower frequency components. This suggests that 
increased gain values yield a smoother frequency dependence with higher supporting 
bandwidths, indicating this region as the operational regime in WC applications.  
Optimization of the SOA-MZI operational parameters with respect to each separate 
application can be achieved by proper control of the SOA gain recovery dynamics. The 
dependence of the SOA-MZI frequency response on the effective SOA carrier recovery time 
for all three different operational regimes is depicted in Fig.5 (a). Fig. 5(c) shows the transfer 
function for a gz=1 value and for four different teff values ranging between 25psec and 
190psec. A typical low-pass filter transfer function can be observed with a 3-dB bandwidth 
being always below 1GHz and decreasing as teff increases.  
Figure 5(d) illustrates the four graphs of the SOA-MZI response obtained for the respective 
teff values of 25, 50, 100 and 190 psec and for a SOA gain level of gz=5. In the case of 190 psec 
recovery times the transfer function is again a low-pass filtering curve, however its shape 
changes dramatically when teff values lower than 100psec are used: the MZI response 
exhibits a resonance peak around a certain frequency that shifts to higher frequency values 
as teff is decreasing. This resonance implies that the SOA-MZI circuit starts to behave like a 
band-pass filtering device suppressing the power of the frequency components lying around 
the central resonance. This effect is even more pronounced when teff=25psec, where the 
spectral content between 0 and 8 GHz is suppressed by more than 3dB compared to the 
approximately 12GHz resonant frequency, reaching in some spectral areas  around the 
3GHz region also suppression values up to 15dB.  

3.2 Differential time delay (“Push-Pull”) configuration 
The differential delay configuration relies on the principle that the output modulated signal 
is the portion of the initial CW that falls within the switching window induced by the non-
perfect overlapping of the two control signals. Moreover, the broadness of the switching 
window is controlled by differential time delay imposed between the two control signals. To 
this end, the switching window can be set to be very thin, dramatically increasing the 
capacity for very high frequencies wavelength conversion operations at the expense of 
reduced noise figure. However, numerous experimental setups have demonstrated 
successful operation for high bit rate WC employing the differential delay scheme, including 
40 Gb/s wavelength conversion (Wolfson et al. 2000, Leuthold et al. 2001, Nakamura 2001). 
Frequency domain analysis allows for a thorough investigation of the WC operation in 
order to reveal its limitations and suggest a systematic optimization procedure. The 
wavelength conversion efficiency for differential time delay scheme is analytically described 
by equation (26) by considering the modal gains of the upper (g) and lower (g’) SOAs equal 
(g=g’), as the absence of a second CW signal entering the lower SOA-MZI branch (PCW,y=0) 
allows SOA carrier density modulation imposed by the CTRy data signal to be copied to the 
amplitude and phase of the lower cw component. Hence, equal power level of control 
signals at the upper and lower SOA-MZI arms induce the same gain saturation. Moreover, 
initial perturbations imposed by the control signals are related through the parameter m 
taking values within the range (0,1].  Differential time delay between the two SOA-MZI 
branches is expressed through the perturbation ΔPCTR,y in the lower branch of the 
interferometer, as the time delay with respect to the perturbation ΔPCTR,x of the upper 
branch is expressed as , 0 , 0 expCTR y CTR xP m P j TωΔ = ⋅ Δ Δ⎡ ⎤⎣ ⎦ , where ΔT is the differential time 
delay. 
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Substituting these considerations in (26) leads in the following expression for the 
wavelength conversion efficiency of the differential delay scheme : 
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Based on (28), the first row of graphs in Figure 6 (a,b,c) depict the normalized frequency 
response for the differentially biased SOA-MZI AOWC for different time delay values, 
namely Δτ=1ps (a), Δτ=20ps (a) and Δτ=50ps (c). The teff for all graphs is 100 ps while the five 
lines on each graph correspond to different values of modal gain (gz=1,3,5,7,9). Finally, for 
Fig. 6 (a,b,c) the frequency response is optimized versus the power ratio m by means of 
flattening the transfer function. The graphs clearly show that the differential delay scheme 
can significantly broaden the dyanmic range of wavelength conversion operation to very 
high frequencies even when employing slow SOAs (teff = 100 ps), as the flat area of the 
frequency response exceeds the 10 GHz in all graphs. Especially in Fig.6(a) that corresponds 
to Δτ=1ps, an effective bandwidth of at least 100 GHz is revealed for successful wavelength 
conversion. In fact, the  cut-off frequency is inversely proportional to the differential time 
delay Δτ employed, as this is limited by periodic zero points of the transfer function at 
frequency values equal to 1/Δτ.  
 

 
 

Fig. 6. (a,b,c) normalized frequency response for the differentially biased SOA-MZI AOWC 
for different time delay values (1ps,20ps,50ps),(d,e,f) normalized frequency response for 
Δτ=20ps and different contorl signal power ratio values. 
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compared to the amplitudes of the lower frequency components. This suggests that 
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Frequency response optimization of the differential time delay scheme for a given Δτ is 
strongly dependent on the parameters gz (gain) and m (control signals power ratio). For the 
gain parameter, lower values of gain are more tolerant to control signals power ratio 
variations, meaning that they allow a flat frequency response for a wider range of m and for 
that reason they are preferable. On the other hand, control signals power ratio m is critical in 
achieving a flat frequency response, as shown by the graphs in Fig. 6(d,e,b,f). 
 These graphs depict the frequency response for a differential time delay Δτ=20ps, for values 
of m equal to m=0,2, m=0,4, m=0,6 and m=0,8 respectively. Higher values of m tend to lift 
the higher frequencies response while the part until 1GHz remains unaffected. The analysis 
also shows that higher differential time dealy values require smaller values of m in order to 
achieve optimum performance. This is evident if we consider the physical mechanism of the 
differential time delay scheme:  as the lower control signal is time delayed compared to the 
upper control signal, its power has to decrease in order to fit the exponential recovery of the 
SOA and cancel it out. 

3.3 Differentially biased SOA-based MZI scheme 
The additional CW’ signal employed in the differentially biased SOA-MZI scheme is 
responsible for driving the lower SOA device into a slightly different saturation level than 
upper SOA and thus the respective gain parameters are no longer equal (i.e. g' ≠ g). 
Moreover, the power levels of the continuous wave signals are such that a differential phase 
shift of π rad between the two SOA-MZI branches is achieved, yielding ' 2 / fg g π α= − . The 
carrier dynamics of the upper SOA device is dominated by the same effective carrier lifetime 
with the one given for the standard and bidirectional schemes (

, ,

1 1 1
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whereas the effective carrier lifetime of the lower SOA device comprises also by the 
additional contribution of the cw' signal (
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conversion efficiency of the differentially biased SOA-MZI scheme is expressed as       
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The normalized frequency response for the differentially biased SOA-MZI AOWC, depicted 
in Fig. 7(a) for teff 25 ps is flat at low frequencies and starts to decrease above 20 GHz, 
exhibiting low-pass filter characteristics and resembling the ideal transfer function for WC 
as described in Fig. 3. In this case, the 3 dB cut-off frequency indicating the speed 
capabilities for efficient wavelength conversion operation, reaches several tenths of GHz 
when the gain value increases up to 9. For longer effective carrier lifetime (teff = 100 ps), the 
frequency response curves for the differentially biased SOA-MZI schemes shifts towards 
lower frequencies, limiting the available wavelength conversion bandwidth below 2-3 GHz, 
as illustrated in Fig. 7(b).      
 

 
Fig. 7. Normalized frequency response for the differentially biased SOA-MZI AOWC, (a) for 
teff 25 ps (b) for teff 100 ps 

3.4 Origin of the frequency domain behavior: XPM/XGM 
In order to gain insight into the physical mechanisms dominating the carrier dynamics of 
the SOA-MZI AOWC and to unveil the key role of the ΔPCTR,y and cw' signals, we treat the 
generic frequency domain transfer function given by equation (29) as a sum of two terms 
and we investigate their individual contributions to the overall AOWC frequency response. 
The first term is governed by the amplitude modulation (AM) ΔPcw,x and ΔPcw,y acquired by 
the two interfering cw components at the output of the upper and lower SOA-MZI branch 
whilst, the second term is governed by the difference of their acquired phase modulation 
(PM) ( ), ,cw x cw yφ φΔ − Δ , respectively, given by equations (30) and (31).    
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Fig. 8(a) illustrates the individual frequency domain responses of AMη and PMη on the left 
and middle graphs, and the normalized with respect to the total SOA-MZI AOWC transfer 
function, for three different values of m and three different states of the induced differential 
phase shift Δφ between the two SOA-MZI branches. On the right, the normalized total  
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Frequency response optimization of the differential time delay scheme for a given Δτ is 
strongly dependent on the parameters gz (gain) and m (control signals power ratio). For the 
gain parameter, lower values of gain are more tolerant to control signals power ratio 
variations, meaning that they allow a flat frequency response for a wider range of m and for 
that reason they are preferable. On the other hand, control signals power ratio m is critical in 
achieving a flat frequency response, as shown by the graphs in Fig. 6(d,e,b,f). 
 These graphs depict the frequency response for a differential time delay Δτ=20ps, for values 
of m equal to m=0,2, m=0,4, m=0,6 and m=0,8 respectively. Higher values of m tend to lift 
the higher frequencies response while the part until 1GHz remains unaffected. The analysis 
also shows that higher differential time dealy values require smaller values of m in order to 
achieve optimum performance. This is evident if we consider the physical mechanism of the 
differential time delay scheme:  as the lower control signal is time delayed compared to the 
upper control signal, its power has to decrease in order to fit the exponential recovery of the 
SOA and cancel it out. 
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responsible for driving the lower SOA device into a slightly different saturation level than 
upper SOA and thus the respective gain parameters are no longer equal (i.e. g' ≠ g). 
Moreover, the power levels of the continuous wave signals are such that a differential phase 
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The normalized frequency response for the differentially biased SOA-MZI AOWC, depicted 
in Fig. 7(a) for teff 25 ps is flat at low frequencies and starts to decrease above 20 GHz, 
exhibiting low-pass filter characteristics and resembling the ideal transfer function for WC 
as described in Fig. 3. In this case, the 3 dB cut-off frequency indicating the speed 
capabilities for efficient wavelength conversion operation, reaches several tenths of GHz 
when the gain value increases up to 9. For longer effective carrier lifetime (teff = 100 ps), the 
frequency response curves for the differentially biased SOA-MZI schemes shifts towards 
lower frequencies, limiting the available wavelength conversion bandwidth below 2-3 GHz, 
as illustrated in Fig. 7(b).      
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generic frequency domain transfer function given by equation (29) as a sum of two terms 
and we investigate their individual contributions to the overall AOWC frequency response. 
The first term is governed by the amplitude modulation (AM) ΔPcw,x and ΔPcw,y acquired by 
the two interfering cw components at the output of the upper and lower SOA-MZI branch 
whilst, the second term is governed by the difference of their acquired phase modulation 
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Fig. 8(a) illustrates the individual frequency domain responses of AMη and PMη on the left 
and middle graphs, and the normalized with respect to the total SOA-MZI AOWC transfer 
function, for three different values of m and three different states of the induced differential 
phase shift Δφ between the two SOA-MZI branches. On the right, the normalized total  
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Fig. 8. Normalized amplitude (N.A.) frequency response of AMη (left) and PMη (middle)  with 
respect to the total transfer function (right) for various values of m and the differential phase 
shift Δφ. Results shown for SOA effective carrier lifetime 25 ps and gain 9. 

frequency response is illustrated to allow for direct comparison. When both Δφ and m are 
close to 0, the total transfer function resembles a bandpass frequency response that is mainly 
attributed to the contribution of the PMη term, corresponding to the standard SOA-MZI 
AOWC operation. At the same time, increasing m, which is equivalent to introducing the 
control signal ΔPCTR,y at the lower SOA-MZI branch, suppresses PMη by 20 dB and yields an 
almost  flat total response dominated by the AMη term. In the case that the additional CW’ 
signal is introduced yielding a differential phase shift of 0.6π, the PMη contribution is still 
suppressed for all m values, and the total response also follows the characteristic shape of 

AMη . A strong control signal (m 1) at the lower SOA-MZI branch is required in order to 
shift the total transfer function towards higher frequencies and thus to increase the AOWC 
operation speed. Finally, when Δφ is very close to π rad corresponding to the differentially 
biased SOA-MZI AOWC scheme, the SOA-MZI is fully balanced for all m values yielding 
optimum interference of the two cw components.  

3.5 Theoretical assessment of SOA-MZI-based System Applications: PED and CR  
The theoretical analysis presented in this chapter may expand in order to create a theoretical 
tool that is able to be applied in the various multi-functional applications whose architecture 
is based on SOA-MZIs. To this end, this section presents two examples that will assess a 
theoretical performance analysis in critical SOA-MZI based applications, such as the FPF-
assisted SOA-MZI circuit in both Packet envelope detection and and Clock Recovery 
operations. Fig.9 illustrates the SOA-MZI configurations when performing in two different 
signal processing functionalities: Fig.9(a) and 9(b) depict a SOA-MZI assisted by a FPF and 
operating as PED (Stampoulidis et al  2007) and as CR circuit (Kanellos et al 2007), 
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respectively. In both system architectures, the SOA-MZI comprises two SOAs, with SOA1 
located at the upper and SOA2 at the lower MZI arm, and is powered by a CW optical beam 
used as the input signal. 
 

 
Fig. 9. (a,b) PED and CR setup employing a AOWC MZI and FPF filter, (c,d) ideal transfer 
functions for PED and CR operation. 
When operating as PED or CR circuit, shown in Fig. 9(a) and 9(b), respectively, the optical 
data signal travels through a low-Finesse FPF prior entering SOA1 as the CTR signal, with 
the FPF having a Free-Spectral Range (FSR) equal to the data line-rate. As a result, the light 
signal obtained at the FPF output resembles a strongly amplitude modulated clock pulse 
signal that has a slightly enhanced time duration with respect to the original input. When 
PED functionality is targeted in the case of a packet-formatted input data signal, SOA-MZI 
delivers a single optical pulse at its S-port, with the pulse duration being similar to the 
duration of the entire original packet. In this application, line-rate information is completely 
ignored at the MZI output and only the packet-rate information can be identified at the 
output signal. On the other hand, when CR functionality is performed, the same SOA-MZI 
configuration yields a power-equalized clock pulse signal at its S-port, almost entirely 
removing the amplitude modulation of the clock resembling signal being inserted as the 
CTR signal. In this example, the data information originally carried by the input optical 
sequence has vanished at the SOA-MZI output and only the clock-rate information is 
retrieved at the S-port. 
This multi-functional time-domain performance of the SOA-MZI-based configurations is 
inevitably correlated with different frequency domain characteristics for each of the system 
applications. Fig.9(c,d) depict the ideal frequency domain transfer function that should 
apply to the single SOA-MZI when PED or CR functions are performed by combining the 
preceded SOA-MZI WC operation with the subsystem of FPF. In the case of PED 
functionality shown in Fig. 9(d), all the data- and clock- information carrying frequency 
components have to be eliminated at the system’s output and only the spectral content 
ranging from dc to the first packet-rate harmonic has to remain unaffected. This suggests 
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frequency response is illustrated to allow for direct comparison. When both Δφ and m are 
close to 0, the total transfer function resembles a bandpass frequency response that is mainly 
attributed to the contribution of the PMη term, corresponding to the standard SOA-MZI 
AOWC operation. At the same time, increasing m, which is equivalent to introducing the 
control signal ΔPCTR,y at the lower SOA-MZI branch, suppresses PMη by 20 dB and yields an 
almost  flat total response dominated by the AMη term. In the case that the additional CW’ 
signal is introduced yielding a differential phase shift of 0.6π, the PMη contribution is still 
suppressed for all m values, and the total response also follows the characteristic shape of 

AMη . A strong control signal (m 1) at the lower SOA-MZI branch is required in order to 
shift the total transfer function towards higher frequencies and thus to increase the AOWC 
operation speed. Finally, when Δφ is very close to π rad corresponding to the differentially 
biased SOA-MZI AOWC scheme, the SOA-MZI is fully balanced for all m values yielding 
optimum interference of the two cw components.  

3.5 Theoretical assessment of SOA-MZI-based System Applications: PED and CR  
The theoretical analysis presented in this chapter may expand in order to create a theoretical 
tool that is able to be applied in the various multi-functional applications whose architecture 
is based on SOA-MZIs. To this end, this section presents two examples that will assess a 
theoretical performance analysis in critical SOA-MZI based applications, such as the FPF-
assisted SOA-MZI circuit in both Packet envelope detection and and Clock Recovery 
operations. Fig.9 illustrates the SOA-MZI configurations when performing in two different 
signal processing functionalities: Fig.9(a) and 9(b) depict a SOA-MZI assisted by a FPF and 
operating as PED (Stampoulidis et al  2007) and as CR circuit (Kanellos et al 2007), 

A Frequency Domain Systems Theory Perspective for Semiconductor Optical Amplifier  
- Mach Zehnder Interferometer Circuitry in Routing and Signal Processing Applications   

 

73 

respectively. In both system architectures, the SOA-MZI comprises two SOAs, with SOA1 
located at the upper and SOA2 at the lower MZI arm, and is powered by a CW optical beam 
used as the input signal. 
 

 
Fig. 9. (a,b) PED and CR setup employing a AOWC MZI and FPF filter, (c,d) ideal transfer 
functions for PED and CR operation. 
When operating as PED or CR circuit, shown in Fig. 9(a) and 9(b), respectively, the optical 
data signal travels through a low-Finesse FPF prior entering SOA1 as the CTR signal, with 
the FPF having a Free-Spectral Range (FSR) equal to the data line-rate. As a result, the light 
signal obtained at the FPF output resembles a strongly amplitude modulated clock pulse 
signal that has a slightly enhanced time duration with respect to the original input. When 
PED functionality is targeted in the case of a packet-formatted input data signal, SOA-MZI 
delivers a single optical pulse at its S-port, with the pulse duration being similar to the 
duration of the entire original packet. In this application, line-rate information is completely 
ignored at the MZI output and only the packet-rate information can be identified at the 
output signal. On the other hand, when CR functionality is performed, the same SOA-MZI 
configuration yields a power-equalized clock pulse signal at its S-port, almost entirely 
removing the amplitude modulation of the clock resembling signal being inserted as the 
CTR signal. In this example, the data information originally carried by the input optical 
sequence has vanished at the SOA-MZI output and only the clock-rate information is 
retrieved at the S-port. 
This multi-functional time-domain performance of the SOA-MZI-based configurations is 
inevitably correlated with different frequency domain characteristics for each of the system 
applications. Fig.9(c,d) depict the ideal frequency domain transfer function that should 
apply to the single SOA-MZI when PED or CR functions are performed by combining the 
preceded SOA-MZI WC operation with the subsystem of FPF. In the case of PED 
functionality shown in Fig. 9(d), all the data- and clock- information carrying frequency 
components have to be eliminated at the system’s output and only the spectral content 
ranging from dc to the first packet-rate harmonic has to remain unaffected. This suggests 



 Advances in Optical Amplifiers 

 

74 

that the ideal PED transfer function has again to follow the characteristic curve of a low-pass 
filter but with a -3dB cut-off frequency not exceeding the value of the second packet-rate 
harmonic employed in the signal. This can be easily optimized by correctly tuning the SOAs 
gain, according to the analysis of Figure 5.  
Finally, when CR functionality is intended, the complete spectral content of the original data 
signal except the clock-rate frequency harmonics has to be ignored. This indicates that the 
ideal CR circuit transfer function has to suppress the entire data spectral content and to 
exhibit periodic pass-bands only at the multiple clock-rate harmonics or at least at the first 
clock harmonic, as shown in Fig. 9(d).  
PED and CR complete systems transfer function can be easily calculated by multiplying the 
theoretically obtained SOA-MZI frequency domain transfer function provided by equation 
(27) with the well known FPF’s comb-like transfer function: 

/ ( ) ( ) ( )PED CR FPF SOA MZIH H Hω ω ω−= ⋅  

 Fig. 10(a) depicts the FPF and the SOA-MZI response curves when gz=1 and teff=190psec, 
whereas Fig. 10(b) shows the respective graphs when gz=5 and teff=25psec. The total transfer 
function of the FPF-assisted SOA-MZI subsystem obtained through multiplication of the 
corresponding transfer functions of Fig. 10(a) and 10(b) are shown in Fig. 10(c) and 10(d), 
respectively. In order to be consistent with the experimental setups reported in (Kanellos et 
al, 2007), (Satmpoulidis et al 2007), in our theoretical analysis we have considered  a 10 Gb/s 
27-1 Pseudo-Random Bit Sequence (PRBS) optical signal with 10psec Gaussian pulses 
entering  a FPF with a FSR equal to the bitrate and a finesse of 30.  
Fig. 10(c) shows clearly that the complete spectral content has been suppressed by more 
than 15dB compared to the dc frequency component, allowing in this way only the spectral 
content residing within the bandwidth of the dc-centered resonance peak to emerge at the 
output. At the same time, Fig. 10(d) illustrates that the total transfer function retains the 
periodic FPF frequency characteristics suppressing, however, significantly the spectral 
content lying between dc and the first FPF harmonic. The effect of these transfer function 
curves on the original 10Gb/s PRBS data signal can be identified by transforming the data 
sequence into its Fourier-domain representation, multiplying this expression with the 
respective transfer function and then applying an inverse Fourier transform. The time-
domain outcome of this procedure is depicted in Fig. 10(e) and 10(f) for the transfer 
functions of Fig. 10(c) and 10(d), respectively. Fig.10(e) shows  a time-domain signal of 
almost constant amplitude confirming the effective elimination of the high-rate clock signal 
harmonics and the generation of the signal’s low-rate envelope. This indicates that the 
proposed FPF-assisted SOA-MZI subsystem can lead to successful PED functionality when 
packet-formatted traffic is used by simply utilizing a 3-dB dc-peak bandwidth equal to the 
packet harmonic. Fig. 10(f) illustrates the time-domain signal obtained at the output of the 
SOA-MZI when the transfer function of Fig.10(d) is employed. As can be clearly identified, 
the initial PRBS data stream has been converted into a clock resembling signal with reduced 
amplitude modulation between its clock pulses, confirming the data harmonic suppression 
properties of the circuit and its effective use as a CR module. 
PED and CR applications employ the same experimental setup, i.e. a FPF followed by a 
SOA-MZI switch that is powered by a CW beam as the input signal. This setup has been 
reported so far in experimental demonstrations to perform as a PED circuit (Stampoulidis et 
al 2007) when the SOAs are driven at low dc current values and as a CR circuit (Kanellos et  
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Fig. 10. (a), (b) Individual transfer functions of the FPF and SOA-MZI modules when gz=1, 
teff=190psec and gz=5, teff=25psec, respectively. (c), (d) corresponding total system transfer 
functions for the FPF-assisted SOA-MZI, and (e), (f) respective time-domain outputs when a 
10Gb/s 27-1 PRBS input signal is employed. 
al 2007) when the SOAs are operated in the saturated regime with moderate gain values and 
fast recovery speeds. This becomes evident if we consider the three SOA-MZI gain 
operational regimes discussed in Section 3.1. Low gain values for the SOAs yield the 
required low-pass filtering response required by a PED circuit that relies on a FPF-assisted 
SOA-MZI module. At the same time, the resonant behavior of the SOA-MZI at moderate 
SOA gain levels holds the credentials for supporting CR operation when placed after a FPF 
element, supporting the clock rate harmonics whilst suppressing the remaining spectral 
content. Finally, the smoother frequency dependence and the enhanced bandwidth arising 
when the SOAs are operating in their high gain regime render the circuit more suitable for 
WC applications, where a replica of the high-rate control signal has to be obtained at a new 
wavelength. 

4. Conclusion 
The theoretical frequency-domain transfer function of the SOA-MZI circuit and its 
qualitative verification even in more complex SOA-MZI-based subsystems allows for its 
exploitation in several functional applications yielding significant advantages in their 
theoretical performance analysis. A typical example is the use of cascaded SOA-MZI-based 
WC stages and its impact in terms of speed limitations and signal degradation due to 
accumulated jitter and amplitude modulation. This scenario can be now described for n 
cascaded WC stages by means of n-times multiplication of the single SOA-MZI transfer 
function, significantly improving the reliability and accuracy of the results compared to 
phenomenological transfer function descriptions that have been employed so far. Moreover, 
the SOA-MZI frequency domain transfer function enables the reliable theoretical proof-of-
principle verification of more complex structures and applications that employ SOA-MZIs 
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as sub-elements, as long as the frequency response of the additional sub-modules is known. 
This can be of significant advantage in the case of novel photonic integrated circuitry where 
several configurations can be tested theoretically without necessitating the a priori circuit 
fabrication and its experimental evaluation. 
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1. Introduction    
All optical networks and switches are envisioned as a solution to the increasing complexity 
and power consumption of today’s communication networks who rely on optical fibers for 
the transmission of information but use electronics at the connecting points on the network 
(nodes) to perform the switching operation. All optical networks, in contrast, will use simple 
signalling methods to trigger all optical switches to forward the optical data, from one 
optical fiber to another, without the need to convert the information carried by the optical 
signal into an electric one. This may save up to 50% of the total power consumption of the 
switches and will allow for simple scaling of the transmission rates. While all optical 
networks may offer significant breakthroughs in power consumption and network design, 
they fall back on one essential aspect, contention resolution. In traditional communication 
networks and in particular those who carry data (which has long surpassed voice traffic, in 
bandwidth), the nodes on the network use huge amounts of electronic random access 
memory (RAM) to store incoming data while waiting for their forwarding to be carried out. 
The storage of data, also called buffering, is essential in resolving contention which occurs 
when two incoming streams of data need to be forwarded to the same output port at the 
same time. In contrast all optical switches, who do not convert the data signals into the 
electrical domain, cannot use electronic buffers for contention resolution. They can however 
use the unique properties of light signals which at moderate power levels can propagate 
along the same transmission media without interference if they have different wavelengths. 
This means that if two competing light signals need to be switched to the same output port, 
their successful forwarding can be accomplished by assigning them different wavelength. 
This can be done completely in the optical domain by means of all optical wavelength 
conversion.  
Large optical networks, require optical amplifiers for signal regeneration, especially so if the 
signal is not regenerated through optical to electrical to optical conversion. Semiconductor 
Optical Amplifiers (SOAs) are a simple, small size and low power solution for optical 
amplification. However, unlike fiber based amplifiers such as EDFAs, they suffer from a 
larger noise figure, which severely limits their use for long haul optical communication 
networks. Nevertheless, SOAs have found a broad area of applications in non-linear all 
optical processing, as they exhibit ultra fast dynamic response and strong non-linearities, 
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which are essential for the implementation of all optical networks and switches. This means 
that for a most essential function such as all optical wavelength conversions, SOAs are an 
excellent solution. 
Wavelength conversion based on SOAs has followed several trajectories which will be 
detailed in the following sections. In section 2 we discuss how data patterns can be copied 
from one optical carrier to another based on the modulation of gain and phase experienced 
by an idle optical signal in the presence of a modulated carrier. Section 3 is devoted for the 
use of Kerr effect based wavelength conversion, and specifically to wavelength conversion 
based on degenerate four wave mixing (FWM). In section 4 we discuss how the introduction 
of new types of SOAs based on quantum dot gain material (QDSOA) has lead to advances in 
all optical wavelength conversion due to their unique properties. We conclude the chapter 
in section 5 where we point at future research directions and the required advancement in 
SOA designs which will allow for their large scale adoption in all optical switches. 

2. Cross gain and cross phase modulation based convertors 
When biased above their transparency current, SOAs may deliver considerable optical gain 
with a typical operational bandwidth of several tens of nanometers. However, since the gain 
mechanism is based on injection of carriers, the introduction of modulated optical carriers, and 
especially of short high peak power pulses such as those used for Opitcal Time Domain 
Multiplexing systems (OTDM), result in severe modulation of gain bearing majority carriers 
leading to undesirable cross talk in case multiple channels are introduced into the SOA (Inoue, 
1989). The gain of an SOA recovers on three different timescales. Ultrafast gain recovery, 
driven by carrier–carrier scattering takes place at sub-picoseconds timescale (Mark & Mork, 
1992).  Furthermore, carrier–phonon interactions contribute to the recovery of the amplifier on 
a timescale of a few picoseconds (Mark & Mork, 1992). Finally, on a tens of picoseconds to 
nanosecond timescale, there is a contribution driven by electron–hole interactions. This last 
recovery mechanism dominates the eventual SOA recovery. Careful design of the active layer 
in the amplifier, injection efficiency and carrier confinement plays a role in the final recovery 
time which can vary between several hundreds of picoseconds to as low as 25 pico seconds for 
specially designed Quantum Well structures (CIP white paper , 2008). During the recovery of 
gain and carriers from the introduction of an optical pulse, the refractive index of the SOA 
wave guiding layer is also altered, so that not only the gain but also the phase of the CW 
signals travelling through the device is modulated. These two phenomena, termed Cross Gain 
Modulation (XGM) and Cross Phase Modulation (XPM), severely limit the use of SOAs for 
amplification of optical signals in Wavelength Division Multiplexed (WDM) networks.  
Yet, the coupling of amplitude modulation of one optical channel into the amplitude and 
phase of other optical carriers travelling in the same SOAs has caught the attention of 
researchers working on all optical networks as a simple manner of duplicating data from 
one wavelength to another, a process also known as wavelength conversion.  
Early attempts to exploit XGM in SOAs were already reported in 1993 (Wiesenfeld et al, 
1993) where conversion of Non Return to Zero (NRZ) data signal was achieved at a bit rate 
of 10Gb/s and a tuning range of 17nm. These were later followed with demonstrations of 
conversion at increasingly higher bit rates but due to the low peak to average power ratio of 
NRZ signals (which dominated optical communications until the end of the 1990’s) could 
not exceed 40Gb/s (and even this was only made possible with the use of two SOAs nested 
in a Mach Zehnder interferometer (Miyazaki et al, 2007).  
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ODTM systems which are based on short optical pulses interleaved together to achieve an 
effective data rate in the hundreds of Gb/s was conceived as an alternative to WDM for 
multiplexing data channels into the optical domain. The large peak to average power ratio 
associated with this transmission technique means that the carrier depletion effect is much 
stronger leading to a more pronounced drop in gain. For OTDM signals many methods 
have been proposed to allow high bit-rate All Optical Wavelength Conversion (AOWC) 
based on an SOA. Higher bit-rate operation was achieved by employing a fiber Bragg 
grating (FBG) (Yu et al, 1999), or a waveguide filter (Dong et al, 2000). In (Miyazaki et al, 
2007), a switch using a differential Mach–Zehnder interferometer with SOAs in both arms 
has been introduced. The latter configuration allows the creation of a short switching 
window (several picoseconds), although the SOA in each arm exhibits a slow recovery. A 
delayed interferometric wavelength converter, in which only one SOA has been 
implemented, is presented in (Nakamura et al, 2001). The operation speed of this 
wavelength converter can reach 160 Gb/s and potentially even 320Gb/s (Liu et al, 2005) and 
allows also photonic integration (Leuthold et al, 2000). This concept has been analyzed 
theoretically in (Y. Ueno et al, 2002). The delayed interferometer also acts as an optical filter. 
Nielsen and Mørk (Nielsen & Mørk, 2004) present a theoretical study that reveals how 
optical filtering can increase the modulation bandwidth of SOA-based switches. Two 
separate approaches for filter assisted conversion can be considered, inverted and non-
inverted. 
Inverted wavelength conversion 
In case an inversion stage is added after optical filtering, it is possible to obtain ultra high 
speed conversion (bit rate >300 Gb/s) by combining XGM and XPM. This can be most easily 
understood by looking at Fig. 1. The CW optical signal (or CW probe) is filtered by a 
Guassian shaped filter which is detuned relative to the probe’s wavelength (peak of filter is 
placed at a shorter wavelength - blue shifted).  
 

 
Fig. 1. Operation principle of detuned filtering conversion 

As the pump light hits the SOA (leading edge of the pulse), carrier depletion results in a 
drop of gain as well as a phase change which leads to a wavelength shift to a longer 
wavelength (red-shift). This means that for the CW probe, on top of the drop in gain, a 
further drop in power is observed as the signal is further pushed out of the filter’s band 
pass. Once the pump signal has left the SOA, carrier recovery begins, with a steady increase 
in gain and carrier concentration. The latter is responsible for a blue-shift in the probe’s 
wavelength, which implies that the CW probe is now pushed into the middle of the filter’s 
band, further increasing the output power, and effectively speeding up the eventual 
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Fig. 1. Operation principle of detuned filtering conversion 
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recovery of the probe signal. As a result, the net intensity at the filter output is constant 
although the actual carrier recovery may continue far after the pump pulse has passed the 
SOA (see Fig. 2).  
 

 
Fig. 2. Effect of filter detuning on probe recovery; (Left) no detuning, (Right) optimum 
detuning 

Using this method, AOWC has been demonstrated at speeds up to and including 320 Gb/s 
(Y. Liu et al, 2005). The main limitation in extending the technique to even higher bit-rates is 
that as bit-rate increases the peak to mean power ratio drops, so that patterning effects 
dominate the performance of the converter and the obtained eye opening of the converted 
signal degrades. Further limitations of this conversion technique arise from the need to 
include after the SOA and optical filter, an inversion stage, which essentially suppresses the 
original CW optical carrier leading to poor optical signal to noise ratio at the output of the 
complete converter. Typical reported conversion penalties are dependent on the bit rate and 
might be as high as 10dB for 320Gb/s conversion. 
Non-inverted wavelength conversion 
For the non inverted conversion, although both XGM and XPM occur with the introduction 
of a short high power pulse into the SOA, it is mostly the effect of phase modulation that is 
utilized.  As discussed above, during the introduction of a short optical pump pulse into the 
SOA, the changing levels of carriers leads to changes in refractive index which modulate the 
phase and frequency of the CW probe. By using a very sharp flat top filter (see Fig. 3), the 
induced frequency shifts can be converted to amplitude variations, thus having direct rather 
than inverted relation to the pump signal. Since both red and blue shifting of the probe’s 
wavelength occurs, it is in principal possible to place the sharp filter so that the pass band is  
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Fig. 4. Gain and frequency shift, experienced by the probe signal 

either to the left or the right of the CW probe. While filtering the red component yields a 
more suitable temporal pulse shape (see section II in Fig. 4, tracing the frequency chirp vs 
time), the sharp drop in gain implies poorer signal to noise for this option. Alternatively, 
opting for blue component filtering, a broader pulse is obtained but with improved signal to 
noise. In the experimental section below demonstration of these two filtering scheme is 
detailed.  

Non-inverted wavelength conversion – simulation and demonstration (Raz et al, 2009) 
SOA theory and numerical simulations   
The final shape of the time domain pulse is dominated by the duration of the blue/red chirp 
induced frequency change and the shape of the optical filter used. In order to preserve the 
original pulse shape one needs the filter’s optical bandwidth to be in the order of the 
spectral width of the original RZ pulses (~5 nm). Another crucial aspect for this kind of WC 
scheme is the eventual OSNR obtainable as it will determine the penalty incurred. For that 
purposes it is desired to filter out the CW component without affecting the 1st blue/red 
modulation side-band as it contains most of the converted pulse energy. In order to fulfill 
both of the above requirements a special flat top, broad filter with sharp roll off is required 
(Leuthold et al, 2004). In order to gain a better understanding of the requirements from this 
sort of filtering technique and its applicability for fast WC we used an SOA band model 
valid for time responses in the pico-second and sub-picosecond regime (Mork & Mecozzi, 
1996; Nielsen et al, 2006; Mark & Mork, 1992; Mork & Mark, 1994). The SOA model includes 
XGM and XPM effects required to model the wavelength conversion process as well as Two-
Photon Absorption (TPA) and Free-Carrier Absorption (FCA) responsible for the Carrier-
Heating (CH) and Spectral-Hole Burning (SHB) effects. The equations used for generating 
the simulation results are detailed in (Mark & Mork, 1992; Mork & Mark, 1994), and are 
described shortly below: 
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recovery of the probe signal. As a result, the net intensity at the filter output is constant 
although the actual carrier recovery may continue far after the pump pulse has passed the 
SOA (see Fig. 2).  
 

 
Fig. 2. Effect of filter detuning on probe recovery; (Left) no detuning, (Right) optimum 
detuning 
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Where N stand for the carrier concentration, Ui the energy densities, and S and p represent 
the pump and probe photon density. The energy density is computed for both conduction 
(i=c) and (heavy hole) valence (i=v) band, respectively. E2,i are the carrier energies 
corresponding to the two-photon transition, i.e., 0 2, 2,2 g c vE E Eω = + +   with 0ω  being the 
photon energy and Eg the band-gap energy, 2β  is the TPA coefficient averaged (with weight 

2S ) over the cross section of the waveguide (σi) and Γ2 is the corresponding confinement 
factor for the quantum well region. We have Γ2/Γ > 1 due to the tighter confinement of the 
square of the intensity profile, as well as the higher value for the TPA coefficient in the 
lower band-gap well region as compared to the separate confinement and cladding regions 
(Sheik-Bahae et al, 1991). In (Raz et al, 2009), a more detailed description of the simulation 
follows but the important results are given below in Fig. 5.  
 

  
Fig. 5. Simulation results showing the dependence of pulse width on the filter Bandwidth 
(Left) and slope (Right) 

On the left we observe the dependency of final pulse width on the bandwidth of the filter. 
For the case of blue chirp filtering, the slow response time sets a lower limit (8 ps) on the 
pulse width which is already apparent for 200 GHz filter bandwidth. However for the case 
of red chirp filtering the converted signal’s pulse width is considerably narrower (<5 ps) and 
the filter bandwidth at which this value is achieved is almost double (around 400 GHz). Still 
it is obvious that the fundamental limit for the pulse width lies in the carrier dynamics of the 
SOA rather than the filter bandwidth. On the right we see how changing the filter’s roll-off 
affects both EO and pulse width. When changing the roll-off the EO goes from a practically 
closed eye for a roll off lower than 25dB/nm to a maximum value of 10-11 dB for a slope 
value between 50-60dB/nm. Increasing the roll-off further does not improve EO as it implies 
sharper spectral slicing which results in ripples in the time domain eye. For EO, the 
difference between the red and blue filtering is not very pronounced. As for the pulse width, 
the same values obtained for altering the width are repeated with a minimum required roll-
off larger than 30dB/nm. The apparent increase/decrease in pulse width for slopes lower 
than 25dB/nm is meaningless since for these values the eye is practically closes (or 
inverted), and only positive EO were computed as explained above. 
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Experimental demonstration 
The experimental set-up used to demonstrate 40 and 80Gb/s direct non-inverted conversion 
is shown in Fig. 6 
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Fig. 6. Experimental set-up 
40Gb/s wavelength conversion: 
The 40GHz Fiber Mode Locked Laser (FMLL) RZ pulse source, with 2 ps FWHM, is 
externally modulated by a Mach Zehnder Modulator (MZM) by  a 231-1 Pseudo Random Bit 
Sequence (PRBS) at 40 Gb/s. The pump signal is coupled with the probe signal and 
launched into the SOA. An SOA similar to the one used in (Liu et al, 2005) was also used for 
this experiment. The SOA has a measured total recovery time of 56 ps when biased at 400 
mA, dominated by a slow blue component. At the output of the SOA the signal is filtered by 
the special flat top broad band filter with roll-off > 60db/nm and a rejection greater than 
50dB of adjacent channels. The signal is then amplified using and Erbium doped fiber 
amplifiers (EDFA) and filtered again using a standard Gaussian shaped 5 nm filter to 
remove excess ASE noise. When running the experiment at 80Gb/s, an inter leaver is used 
after the modulator to go from 40 to 80 Gb/s and a EAM demux is used to gate 40Gb/s 
tributaries from the 80Gb/s serial data stream for BER estimation. Table 1 summarizes the 
key parameters for operating the WC for either the blue or red filtered components at 
40Gb/s bit rate. 
 

 Red Component Filtering Blue Component Filtering 

Pump Wavelength [nm] 1560 1560 

Pump Power [dBm] 1.5 -6.3 

Probe Wavelength [nm] 1548.1 1548.1 

Probe Power [dBm] 1.5 -2.7 

SOA current [mA] 400 262.8 

Filter Center Frequency [nm] 1550.968 1545.858 

Filter Bandwidth [nm] 4.5 4.31 

Table 1. Main operation parameters for both blue and red filtering scenarios 

In Fig. 7 the spectra for the wavelength converted signal for both filtering cases as well as 
the unfiltered spectrum are plotted together. The filtered spectra were taken in both cases 
after the EDFA so that spectral features on the edges of the filter’s band-pass are lost in the 
ASE noise. Also, the power of the sidebands as it appears in the filtered spectra includes 
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Experimental demonstration 
The experimental set-up used to demonstrate 40 and 80Gb/s direct non-inverted conversion 
is shown in Fig. 6 
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Fig. 6. Experimental set-up 
40Gb/s wavelength conversion: 
The 40GHz Fiber Mode Locked Laser (FMLL) RZ pulse source, with 2 ps FWHM, is 
externally modulated by a Mach Zehnder Modulator (MZM) by  a 231-1 Pseudo Random Bit 
Sequence (PRBS) at 40 Gb/s. The pump signal is coupled with the probe signal and 
launched into the SOA. An SOA similar to the one used in (Liu et al, 2005) was also used for 
this experiment. The SOA has a measured total recovery time of 56 ps when biased at 400 
mA, dominated by a slow blue component. At the output of the SOA the signal is filtered by 
the special flat top broad band filter with roll-off > 60db/nm and a rejection greater than 
50dB of adjacent channels. The signal is then amplified using and Erbium doped fiber 
amplifiers (EDFA) and filtered again using a standard Gaussian shaped 5 nm filter to 
remove excess ASE noise. When running the experiment at 80Gb/s, an inter leaver is used 
after the modulator to go from 40 to 80 Gb/s and a EAM demux is used to gate 40Gb/s 
tributaries from the 80Gb/s serial data stream for BER estimation. Table 1 summarizes the 
key parameters for operating the WC for either the blue or red filtered components at 
40Gb/s bit rate. 
 

 Red Component Filtering Blue Component Filtering 

Pump Wavelength [nm] 1560 1560 

Pump Power [dBm] 1.5 -6.3 

Probe Wavelength [nm] 1548.1 1548.1 

Probe Power [dBm] 1.5 -2.7 

SOA current [mA] 400 262.8 

Filter Center Frequency [nm] 1550.968 1545.858 

Filter Bandwidth [nm] 4.5 4.31 

Table 1. Main operation parameters for both blue and red filtering scenarios 

In Fig. 7 the spectra for the wavelength converted signal for both filtering cases as well as 
the unfiltered spectrum are plotted together. The filtered spectra were taken in both cases 
after the EDFA so that spectral features on the edges of the filter’s band-pass are lost in the 
ASE noise. Also, the power of the sidebands as it appears in the filtered spectra includes 
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~20dB of EDFA gain. The non filtered spectra, taken for the case of higher bias current and 
stronger pump power (green line), has a secondary peak around 1545 nm arising from non 
linear distortions (Self Phase Modulation) incurred by the original pump signal that are 
copied to the WC probe through XGM and XPM processes.   
 

  
Fig. 7. Filtered and non-filtered spectra’s at the SOA output 

In the case of filtering out the red components, these distortions are filtered out, however for 
the case of blue component filtering the operating conditions had to be greatly altered (8 dB 
drop in pump power, and 30% drop in DC bias current for the SOA), as any distortions will 
be included in the broad filtered output signal.  
The resulting eye patterns and Bit Error Rate (BER) vs. received power given in Fig. 8, 
indicate that these specific filter characteristics, especially the sharp roll-off and large band-
width, greatly improve the performance of the scheme, compared with previous works. For 
red filtered WC there is a negligible negative penalty for BER worse than 10-7 but it is 
apparent that there is an error floor which brings the penalty for a BER of 10-9 to 0.5 dB. The 
error floor arising from the noise of the SOA is more dominant for the case of the red filtered 
WC since there is a power difference of 8dB between the blue and red 1st order side bands 
while the noise floor is the same. For the blue filtered results, a penalty of 0.7 dB is obtained 
and no error floor was observed. 
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Fig. 8. BER (left) and eye patterns for B2B (top) and Red and Blue filtered (middle and 
bottom respectively) Wavelength converted signals 
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The eye patterns in Fig. 8 give an indication on the respective time domain performance for 
red and blue filtering. The filtering of the red components results in a much faster response 
with a FWHM of around 3 ps (only 1 ps more than for the original pulses, Fig. 8 top right). 
However for the case of filtering out the blue chirp components, which are strongly 
dependent on the slow recovery time of the SOA, the observed eye is much wider having a 
FWHM of around 4.5 ps and a pulse base duration of 12 ps.  

80Gb/s wavelength conversion: 

The pump signal entering the SOA is centered around 1560 nm and has a power of 0.7 dBm. 
The CW probe signal was at 1548.1 nm with a power of 6.7 dBm. The same SOA was used 
also for this experiment. At the output of the SOA a sharp flat top 6.15 nm wide Band Pass 
Filter (BPF) was place, centered on 1544.63 nm. The filter has a roll-off greater than 60 
dB/nm and an insertion loss of 4.5 dB. After filtering, the 80 Gb/s signal is time 
demultiplexed to the 40 Gb/s original PRBS bit rate using Electro Absorption Modulator 
(EAM) gating, converted back to the electrical domain and tested for errors. 
In Fig. 9, the inverted (before filter) and non-inverted spectra (taken directly after the BPF) 
are both shown. Notice the strong attenuation incurred by the CW signal (>35 dB) compared 
to the 9 dB (extra 4.5 dB due to detuning) attenuation of the 1st side band and no extra 
attenuation on higher order modulation side-bands. Also visible is the SOA noise floor at 
around -45 dBm, around the higher order side-bands. This noise together with the minimal 
impact on the 1st order side-band (-18 dBm) give an OSNR >25 dB, sufficiently good for the 
low penalty measured. 
 

 
Fig. 9. Spectra of the converted signal at the output of the SOA before and after the filter 

In Fig. 10 the BER for the two 40 Gb/s tributaries are shown (red lines) compared to their 
back to back counterparts (blue line). Also shown for comparison are the pump and probe 
eye patterns. The measured penalty is 0.5 dB and the eye is broadened from a 2 ps FWHM to 
about 4.5 ps, similar to what was measured for the experiment carried out at 40Gb/s. 
However the converted signal suffers from poorer OSNR leading to an observable change in 
BER slope. 
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Fig. 8. BER (left) and eye patterns for B2B (top) and Red and Blue filtered (middle and 
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Fig. 10. BER (left) and eye patterns for B2B (blue, top right) and Wavelength converted 
signal (red, bottom right) respectively 

3. Four Wave Mixing based wavelength convertors  
The use of third order non-linearities for the purpose of all optical wavelength conversion 
has been demonstrated over the years in many different non-linear media. The efficiency 
and bandwidth of these phenomenon is governed by the third order non-linear 
susceptibility denoted by χ(3) and is dependent on the polarization, power, frequency 
detuning and dispersion of the non-linear medium used (Agrawal, 2002). In order to 
enhance FWM special phase matching and quasi phase matching techniques have been 
employed with exceptional bandwidth and efficiency demonstrated for devices based on 
periodically poled LiNbO3 devices (Yamawaku et al, 2003). Similarly, careful tailoring of 
single mode fiber dispersion, has also allowed for highly efficient FWM in highly non-linear 
fibers (HNLF) (Tanemura et al, 2004). However in the stride for small foot-print and low 
power options, a more useful solution is the employment of an SOA as a non-linear 
medium, as it offers integration potential and may contribute significant signal gain to offset 
the negative conversion efficiency.  
Early studies of the nature of FWM in semiconductor traveling wave amplifiers has pointed 
out that the most dominant source of FWM in SOAs is the creation of gain and index 
gratings through the periodic modulation of the injected carriers in the device by the 
traveling pump and probe waves (Agrawal, 1987). Early demonstrations of wavelength 
conversion based on degenerate FWM in SOAs, date to the early 90’, and were dedicated to 
the methodical characterization of the convertors in terms of conversion penalty and 
equivalent noise figure (Mecozzi et al, 1995; Summerfield & Tucker, 1996). In order to 
reduce the conversion penalty as well as lower the effective noise figure of the convertors, 
power levels of pump and probe signals was set so that the SOA was deeply saturated. 
However, high power levels, usually resulted in unwanted 2nd and 3rd order mixing 
products which enforced limitations on spectral spacing of pump and probe signals, 
especially so, for cases where multicasting conversion was demonstrated (Contestabile et al, 
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2004). Due to the relatively poor conversion efficiencies and high noise contribution of 
SOAs, the obtainable OSNR is quite limited. Thus, although FWM wavelength conversion 
does not suffer from time domain limitations, such as those present when performing 
conversion based on carrier dynamics, error free conversion for bit rates above 40Gb/s was 
never demonstrated. Furthermore, FWM is critically dependant on polarization alignment 
of pump and probe. This implies that for polarization multiplexed signals, an ever more 
popular bandwidth enhancement technique, FWM cannot be used in a simple manner 
(Contestabile et al, 2009).  
In the following section recent results on FWM in SOA are detailed. These experiments 
focused on using a single SOA to obtain simultaneous conversion of two independent data 
channels. Various modulation formats and modulation speeds are explored, and a 
polarization insensitive set-up is also suggested. 

Simultaneous FWM in SOAs (Gallep et al, 2010) 

The key to the successful demonstration of simultaneous conversion of two independent 
data signals using FWM is proper power equalization of the input data signals as well as of 
the strong CW pump. Low optical power for the two input channels prevents the onset of 
deleterious FWM products which interfere with the converted products. However, higher 
input powers improve Optical Signal-to-Noise Ratio (OSNR) of the converted channels, 
which is essential for error-free operation. Above the optimal input power levels, used in the 
experiments described below, any increase in the modulated inputs does not enhance the 
performance but decreased the FWM efficiency due to power splitting into the non-
degenerated and secondary FWM products. Similar considerations are also applied to the 
choice of CW-pump power: the pump must be strong enough to clamp the gain, minimizing 
any XGM that might be introduced by intensity modulated data inputs, and to reduce the 
ASE floor. On top of this optimization process, in this demonstration, it was important to 
obtain similar performance of the converter for single and dual operation, as it will allow for 
asynchronous operation. This constraint also led to a non optimal choice of probe power 
levels and in some cases single conversion performance could have been much better at the 
cost of degrading the performance of dual conversion. The choice of wavelengths (ITU 
channels) took into consideration the effect of unwanted conversion products between the 
pump and the data channels. In general the most suitable arrangement of data channels and 
CW pump was found to be such that the data channels are up-converted and that the 
spacing between them is twice as that of the spacing between the CW pump and the data 
channel closest to it (CW – ITU X, Data 1 – ITU X-1, Data 2 – ITU X-3). Implementation of 
down-conversion schemes (conversion to longer wavelengths) is not possible due inferior 
OSNR, 10dB lower than that achieved for up-conversion, as was pointed out already in 
Agrawal’s seminal work of 1987 (Agrawal, 1987).  
Mixed modulation formats 10 Gb/s (ASK+ PSK) 

Fig. 11 presents the experimental setup used for the case of PSK and ASK simultaneous 
conversion at a bit rate of 10Gb/s in both channels.  
The two laser sources at 1558.17 nm (-12 dBm) and 1556.55 nm (-17 dBm), ITU channels #24 
and #26, were modulated with PSK and ASK respectivly at a rate of 10 Gb/s (NRZ PRBS 
231-1 data sequence) and combined at the SOA input with a much stronger CW signal at 
1555.75 nm (ch.#27). The polarization controllers (PC) after the lasers were carefully 
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Fig. 10. BER (left) and eye patterns for B2B (blue, top right) and Wavelength converted 
signal (red, bottom right) respectively 
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Fig. 11. Experimental setup for dual-channel (PSK + ASK) simultaneous lambda-conversion 
in a single SOA 

adjusted to achieve the lowest insertion loss through the modulators, and the PCs just after 
them are used to align the polarization of the CW pump with the probe signals to maximize 
the FWM process. The SOA, ultra-nonlinear device with MQW structure (CIP), was biased 
at 500 mA, with a saturation output power of 15dBm and small signal gain >30 dB. At the 
output, the converted channels were filtered by an ITU-grid DEMUX (100 GHz spacing). To 
enable the bit-error rate (BER) versus received optical power measurements in similar 
conditions, the back-to-back and the converted signals were amplified by a low noise EDFA 
(10 dB gain, 4 dB noise figure) and filtered again (1.5 nm-window) to remove excessive ASE. 
The converted PSK signal was further processed by passing through a Delayed 
Interferometer (DI) to convert phase into amplitude modulation before detection. For the 
10+10 Gb/s case the BER measurements were taken using a 10 Gb/s APD receiver.  
The optical spectrum at the SOA’s input and output as well as the eye diagrams and the 
BER vs. optical power at the receiver for the 10+10 Gb/s, ASK+PSK, are shown in Fig. 12. 
BER vs received optical power performance of a single converted channel is as good as the 
original data signal (back-to-back). Even in the presence of a 2nd converted channel the 
observed degradation is within the measurement error and in any case does not exceed 
0.3dB. 
 

 

    
 

Fig. 12. Simultaneous lambda-conversion, 10+10 Gb/s (PSK+ASK): optical spectra for SOA 
input and output, DEMUX ch. #28 and #30 (left); eye diagrams and BER curves for single 
and dual conversion operation 
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The spectra at Fig.12 (left) illustrates the required spectral positioning of input data channels 
and CW pump as discussed above with the CW at ITU-grid channel #27, the ASK channel at 
channel #26 and the PSK channel at channel #24, avoiding interfering cross-channel 
products. The input PSK channel required more power (+5dB) than the ASK channel since 
the FWM efficiency drops the further the signal is detuned from the CW pump. In any case, 
this penalty-free performance is obtained for low input peak-powers (<-10 dBm) and a very 
modest - 2 dBm CW pump.  

Mixed bit rates ASK (10+20Gb/s,10+40Gb/s) 

The setup used for mixed bit rate ASK signals required several minor adaptations in 
comparison to the setup in Fig.11. An amplitude modulator (AM) after L2 replaced the 
phase modulator (PM) and a 40-Gb/s PIN photodetector replaced the APD receiver for all 
measured BER curves (also for the 10 Gb/s channels). In addition, the selected wavelength 
channels were slightly shifted in the ITU grid, but maintaining relative positioning: the CW 
pump at channel #28 (1554.94 nm) and the two modulated carriers at ch.#27 (1555.75 nm, 
L1) and ch.#25 (1557.36 nm, L2). This shift was required to better align the outputs to a 200 
GHz DEMUX used to filter the converted channels out. Fig. 13 shows the measured BER vs. 
received power for NRZ converted channels at 10 and 20 Gb/s using a 231-1 bits long PRBS 
data sequence. Optimal input power levels for data carriers were found to be below -15 dBm 
and the CW pump was set at +7 dBm. Both positioning of the 10 and 20 Gb/s input data 
channels with respect to the CW pump were tested: close to (conversion from channel #27 to 
ch.#29) and apart (from ch.#25 to ch.#31). From Fig. 13, the 20 Gb/s channel presents error 
free operation, with 1 dB degradation of required optical power at the receiver for the same 
BER performance when being the closest (100 GHz) to the CW probe. 
 
 

 

      
 
 

Fig. 13. Simultaneous lambda-conversion 20+10 Gb/s ASK: eye diagrams and BER curves of 
20 (left) and 10 (right) Gb/s channels 

When placed further away (300 GHz) the power penalty increases to 2 dB. A very small 
difference (0.1-0.3 dB) exists between single and dual-channel operation modes. For the 10 
Gb/s channel, when placed closer to the CW pump, a power penalty of 2 dB was measured 
for single conversion and an extra 1.1 dB in dual-channel mode. When placed further away 
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difference (0.1-0.3 dB) exists between single and dual-channel operation modes. For the 10 
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from the pump (ITU ch.#25), a power penalty of 2.2 dB penalty was observed and when a 
2nd channel (ch.#27) was turned on simultaneously an error floor was observed around a 
BER ~ 10-12; at a BER of 10-11 a 4-dB penalty was obtained. The detected noise floor is mainly 
due the noise from spurious FWM over the converted channel and the limited OSNR.  
For the 40+10 Gb/s case (Fig.14), the converted 40 Gb/s channel shows an error floor above 
BER=10-12 regardless of the presence of a 2nd 10 Gb/s input channel. This noise floor is 
mostly the result of overshoots appearing at the higher (“1”) bit-level and the limited OSNR 
at the SOA’s output. 
 
 
 

  
 

Fig. 14. Simultaneous lambda-conversion 40+10 Gb/s ASK: eye diagrams and BER curves of 
40 (left) and 10 (right) Gb/s channels 

A 4-dB total penalty was obtained at BER=10-11, with an added 1dB penalty when the 2nd 
channel is turned on. The 10 Gb/s channel was measured to have a 4 dB penalty due mostly 
to noise over the high-level (see on inset in Fig. 14) with no difference between the single 
and the dual-channel operation.  
For the case of simultaneous conversion of 40 and 10 Gb/s channels it was impossible to 
switch the respective positions of 40 and 10 Gb/s channels since the obtainable FWM 
efficiency and OSNR for the 40 Gb/s, when placed further away from the CW pump, could 
not deliver error-free operation.  

Polarization insensitive simultaneous conversion (Gallep et al, 2010) 

The experimental setup is presented in Fig.15(a). Each data carrier (lasers L1 and L2) passes 
in a polarization controller (PC) to optimize its modulator performance, with each channel 
modulated with PRBS 231-1 sequences and combined by a 100GHz WDM Multiplexer 
(MUX) with two CW probes (L3 and L4). These probes have equal power and are arranged 
in orthogonal polarization by passing through PCs and in a polarization beam-splitter (PBS). 
The combined signal is sent to the SOA, with optical isolators preventing multiple 
reflections. The PCs just after the modulators are used to change the relative polarization 
(mis)matching between the data channels and the CW carriers, and so compare the best and 
worst cases. The PC after the PBS is used to equalize the CW channels’ gain in the SOA as 
well as their own degenerated FWM products’ amplitudes. 
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(a)                   (b) 

Fig. 15. Dual-channel polarization-robust AOWC: (a) the experimental setup and (b) optical 
spectra, for 10+10 Gb/s (ASK+PSK) operation. 

For the 10+10Gb/s test the CW probes were within the ITU-grid channel number 28 
(1554.94nm), and are 0.4nm apart (λL3=1554.74nm, λL4=1555.14nm); the data channels are 
located at channel #26 (L2, ASK) and #24 (L1, PSK). Channels #25 and #27 cannot be used 
since some FWM products due the interactions of the two CW probes with the input data 
channels are contained within their bandwidth. With this input spectra arrangement the 
output (converted) channels fits channels. #30 (ASK) and #32 (PSK), and are extracted by a 
tunable filter (TF1, 0.9nm wideband). The spectra are plotted in Fig.15(b). Once filtered the 
signals are further amplified by a low noise EDFA amplifier with a gain of 10dB and a noise 
figure of 4dB and another tunable 1.5nm wide filter (TF2) is used to remove excessive ASE 
before reaching the photo-diode. The detected signal is connected to a Bit-Error Rate (BER) 
tester to measure the performance and to an oscilloscope to obtain the eye-diagrams. The 
PSK channel also passes a properly tuned delay-interferometer (DI) to convert the data into 
ASK format. 
Although the two detuned CW probes have orthogonal polarizations, some interaction 
between them still exists leading to FWM components on both sides of the probe signals 
(these signals are -30dB lower than the probes’ power level). The degenerated FWM 
products due the interaction of each CW probe with each input channel and its replicas lead 
to a less then trivial spectral composition of the output channels spectra, each one with three 
adjacent carriers. The individual spectra contain the central (main) component, which is 
stable in power and two adjacent components who vary as the relative input optical 
polarization is changed. The small sub-peaks in the valleys in between the output ASK 
channels’ 3 peaks (red and blue lines in Fig.15b) are due to ch.24 (PSK) FWM products, and 
so exclude the possibility of using the same wavelength scheme for ASK+ASK operation. 
The eye-diagrams and BER performance for the dual channel operation with 10+10Gb/s is 
shown in Fig.16, for the converted channels in the best and worst polarizations, alone or 
with the other carrier, as well as the back-to-back performance. The ASK output (Fig.16a) 
has maximum penalty of 1.5dB for the worst case, with polarization dependence between 
zero (single) and 0.9dB (dual channel). The PSK channel (Fig.16b) has maximum penalty of 
2dB for the best case and 3dB for the worst, with minimum polarization dependence 
(respectively 0.3dB and 0.5dB), but presents an error-floor at 10-10. 
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(a)    (b) 

Fig. 16. BER curves and eye-diagrams (10Gbps) for dual channel conversion: (a) the ASK 
channel (b) the PSK channel. 

This floor can be related to power fluctuation and time jitter after the PSK-to-ASK 
conversion in the 10GHz delayed-interferometer. With its 3 sub-carriers 50GHz apart, the 
output channel has reasonable part of its energy slightly detuned from the optimum point in 
the DI transfer function, and so some pattern dependence appears. The same setup (Fig.15a) 
was used to test the 20+10Gb/s, both channels in ASK. The same procedure was followed, 
but with the 20Gb/s input channel carrier (L2) located at ITU ch.#27, the 10Gb/s (L1) at 
ch.#24 and the CW probes in the ch.#29 band, and so the converted channels filtered out in 
the ch.#31 and ch.#34 band, with the extra channel spacing needed to avoid some 2nd order 
FWM that in the previous channel spacing overlapped with ch.#31’s band. Fig.17 shows the 
eye diagrams and BER curves for the 20Gb/s (a) and 10Gb/s (b) channels and the optical 
spectra (c). The 20Gb/s and 10Gb/s channels have respectively maximum penalty of 2.8dB 
and 5.5dB for the worst polarization case, and polarization dependence respectively below 
0.6dB and 0.2dB. The difference between single and dual-channel operation is larger (1.5dB) 
for the 10Gb/s channel in comparison with the 20Gb/s channel where it is bellow 1dB. 

            (a)                                     (b)    (c) 
Fig. 17. BER curves and eye-diagrams for dual channel conversion (ASK+ASK): (a) the 20G 
channel, (b) the 10G channel; (c) optical spectra. 

4. Quantom Dot SOAs 
In the sections above, we have described in details how SOAs can be used for all optical 
wavelength conversion. One major limitation of SOAs which degrades the performance of 
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most of the demonstrations is the relatively high noise floor of the amplifiers. This is usually 
the result of the narrow gain bandwidth of the semiconductor material making the SOA, 
which results in substantial Amplified Spontaneous Emission (ASE) noise. Quantum dot 
SOAs on the other hand operate in a fundamentally different manner when compared to 
bulk SOAs.  
The predicted superiority of quantum-dot SOAs originates from the following physical 
properties of quantum dots. First, gain saturation occurs primarily due to spectral hole 
burning even for moderate peak power smaller than 20 dBm commonly used in optical 
communication systems ((a) Sugawara et al, 2001; (b) Sugawara et al, 2001; (c) Sugawara et 
al, 2001; (d) Sugawara et al, 2001; Sugawara et al, 2002). This is due to ‘slow’ carrier 
relaxation to the ground state of about 1–100 ps (Bhattacharya, 2000; Sugawara, 1999; 
Marcinkevicius & Leon, 2000). The response time of gain saturation is 100 fs–1 ps ((b) 
Sugawara et al, 2001; Sugawara et al, 2002), which is enough for a gigabit to sub-terabit 
optical transmission systems. Moreover, the pattern effect is negligible, owing to the 
compensation of the spectral holes by the carriers relaxing from the excited states including 
the wetting layer, i.e. the upper states work as carrier reservoirs ((a) Sugawara et al, 2001; (b) 
Sugawara et al, 2001; (c) Sugawara et al, 2001; (d) Sugawara et al, 2001; Sugawara et al, 
2002). Second, spatial isolation of dots prevents the transfer of carriers among dots, leading 
to negligible cross talk between different wavelength channels under gain saturation, when 
the channels are separated by more than homogeneous broadening of the single-dot gain, 
which is about 10–20meV at 300o K (Sakamoto & Sugawara, 2000; Sugawara et al, 2000). 
Third, interaction of two different wavelength channels via spatially isolated and 
energetically non-resonant quantum dots within the same homogeneously broadened 
spectral hole, causes cross gain modulation and may be used for switching functions such as 
wavelength conversion (Sugawara et al, 2002). 
These features provide a striking contrast to bulk or quantum-well SOAs. In conventional 
SOAs, gain saturation occurs primarily not through spectral hole burning but rather 
through a reduction in the total density of carriers even for optical power levels lower than 
20 dBm. This is mainly due to ultrafast intra-band carrier to carrier scattering which takes 
place at time constants lower than 100 fs (Kuwatsuka et al, 1999). As a result, the response 
time of such amplifiers to sharp changes in carrier concentration, which may be caused by a 
strong optical pump signal for example, is dominated by carrier recombination lifetime 
which is of the order of 0.1–1 ns (Agrawal & Olsson, 1989), limiting the signal processing 
speed. Remarkable cross talk occurs between different wavelength channels because of the 
continuous energy states.  
Demonstration of all optical wavelength conversion using QDSOA have, similar to those 
carried out using bulk and quantum well devices, been carried out exploiting both 
conversion based on carrier dynamics (XGM and XPM) as well as those based on parametric 
processes (FWM). For the case of FWM, it was shown that unlike bulk or quantum well 
semiconductor amplifiers, where conversion efficiency to longer wavelengths is generally 
much lower than that in the opposite direction, this property is drastically improved, and 
the asymmetry between conversion directions is eliminated. This is attributed to the 
reduction in linewidth enhancement factor due to the discreteness of the electron states in 
quantum dots (Akiyama et al, 2002). Due to the scarcity of QDSOA devices, and especially 
for QDSOA in the popular 1.55μm communications window, much more has been written 
in the form of numerical and analytical studies then actual experimental results, and in the 
experimental field most attention was given to pump and probe experiment, focusing on 
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Fig. 16. BER curves and eye-diagrams (10Gbps) for dual channel conversion: (a) the ASK 
channel (b) the PSK channel. 
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            (a)                                     (b)    (c) 
Fig. 17. BER curves and eye-diagrams for dual channel conversion (ASK+ASK): (a) the 20G 
channel, (b) the 10G channel; (c) optical spectra. 

4. Quantom Dot SOAs 
In the sections above, we have described in details how SOAs can be used for all optical 
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most of the demonstrations is the relatively high noise floor of the amplifiers. This is usually 
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semiconductor amplifiers, where conversion efficiency to longer wavelengths is generally 
much lower than that in the opposite direction, this property is drastically improved, and 
the asymmetry between conversion directions is eliminated. This is attributed to the 
reduction in linewidth enhancement factor due to the discreteness of the electron states in 
quantum dots (Akiyama et al, 2002). Due to the scarcity of QDSOA devices, and especially 
for QDSOA in the popular 1.55μm communications window, much more has been written 
in the form of numerical and analytical studies then actual experimental results, and in the 
experimental field most attention was given to pump and probe experiment, focusing on 
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conversion efficiency and bandwidth, rather on BER performance and receiver sensitivity 
penalty. 
For conversion based on XGM and XPM, the predicted picosecond recovery time scale has 
prompted a large research effort in this type of convertors. Below we detail some recently 
measured results of multi-casting achieved with QDSOAs at bit rates up to 40Gb/s, 
however recent work on this subject has also shown that using XGM and XPM good Q 
values for RZ eyes can be obtained up to a bit rate of 160Gb/s (Contestabile et al, 2009).  
XGM+XPM based 1 to 4 Multicasting using QDSOA (Raz et al, 2008): 
As explained above QDSOAs exhibit very fast recovery of gain, since ground states are 
filled within 0.1-1 psec. The enhanced blue chirped nature of XPM effects in QD-SOAs, 
when compared to bulk SOA, can be observed in Fig. 18 where the spectra’s of wavelength 
converted inverted pulses from both a QD-SOA and a bulk SOA at 40-Gb/s RZ-PRBS are 
plotted. The output pulses resulting from XGM and XPM in the QD-SOAs (solid line) have a 
distinctly uneven spectral distribution of blue and red chirped components compared with a 
bulk SOA (dashed line), favoring the blue components, suggesting that the red shift is much 
shorter due to reduced recovery time for intra-dot processes (Akiyama et al, 2007). 
 

 
Fig. 18. The spectrum at output of a bulk SOA (dashed) compared to that of the QD-SOA 
(solid) 
For this specific demonstration the QD-SOA we use was fabricated on an all active InP 
wafer. The QD material was grown on an n-type InP (100) substrate by metal–organic 
vapor-phase epitaxy. In the active region, five-fold stacked InAs QD layers separated by 40-
nm-thick Q1.25-layer of InGaAsP were placed in the center of a 500-nm-thick lattice-
matched Q1.25 waveguide core (Nötzel et al, 2006). The SOA was based on a deeply etched 
waveguide structure with a width of 1.6 μm, insuring single mode operation, and had a 
length of 2.2 mm. In order to avoid lasing, the optical waveguides were tilted by 7° and the 
chip-facets were anti-reflection coated. The QD-SOA was biased at 300 mA of current and 
cooled to 13ºC, by a thermo-electric-cooler element aided by a water cooler, the device 
exhibited stable and repeatable performance. Main device performance merits for the 
operation current of 300mA include large 3dB bandwidth (>90 nm), high saturation output 
power (>13 dBm) and low chip noise figure (<7 dB) as well ultra-fast 10-to-90% recovery 
time (<10 ps at moderate bias currents). Fiber to fiber gain was approx. -10dB due to high 
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coupling losses and field mismatch between the lensed fiber and the 2 micron wide deeply 
etched InP waveguides. 

Experiment details and results: 

The experimental set-up is shown in Fig. 19. The mode-locked fiber ring laser (MLFRL) 
emits pulses with a 1.3 ps full width at half maximum (FWHM) at 1560 nm. The channel 
separation for the CW probes was chosen to be 4.8 nm (≈600GHz) due to the large optical 
bandwidth of the short RZ pulse. The power of the modulated pump-beam in the 
waveguide was 7 dBm (assuming 6 dB insertion-losses at the input and output of the 
device) and the power for each CW signal was 3 dBm. 
 

 
Fig. 19. Experimental set-up and optical spectra’s at the QD-SOA in/output port. 

Polarization controllers where used independently for each source to optimize polarization 
at the QD-SOA input. It is visible from the spectra of Fig. 19 that the OSNR at the QD-SOA 
output was larger than 42 dB. At the QD-SOA output, the channels are separated by a 
telecomm grade demultiplexer (DeMux). The central wavelengths of the CW signals are 
chosen to be +1.2 nm (≈150 GHz) detuned with respect to the central wavelengths of the 
DeMuX. The DeMuX had a 0.8 nm flat-top pass-band and >30 dB channel isolation. While 
the sharp optical filter was essential in obtaining a non-inverted output pulse, its limited 
pass-band resulted in a considerable pulse broadening from 1.3 to 7 ps FWHM (Fig. 20 
bottom right). At the DeMuX output, the signal was further amplified and filtered to remove 
ASE-noise. The signals were then detected and tested for errors. BER curves for the pump 
signal (dashed) and the 4 converted signals (solid), as well as for a single channel under 
similar OSNR conditions (dash-dotted) were taken and are plotted in Fig. 20.  
The measured penalty at 10-10 is in between 2 and 2.5 dB, and that for the single channel 
case is 2 dB. The best performing channel for the 1×4 wavelength conversion case, is that to 
the shortest wavelength (λ4=1539.25 nm), since it has only one adjacent signal. This 
channel’s performance is also obtained for a 1×1 wavelength conversion (see Fig. 20 dash-
dotted). The direct non-inverted error-free and low penalty, 1×4 multi-wavelength 
conversion, demonstrated is possible because the QD-SOA has high saturation power as 
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values for RZ eyes can be obtained up to a bit rate of 160Gb/s (Contestabile et al, 2009).  
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As explained above QDSOAs exhibit very fast recovery of gain, since ground states are 
filled within 0.1-1 psec. The enhanced blue chirped nature of XPM effects in QD-SOAs, 
when compared to bulk SOA, can be observed in Fig. 18 where the spectra’s of wavelength 
converted inverted pulses from both a QD-SOA and a bulk SOA at 40-Gb/s RZ-PRBS are 
plotted. The output pulses resulting from XGM and XPM in the QD-SOAs (solid line) have a 
distinctly uneven spectral distribution of blue and red chirped components compared with a 
bulk SOA (dashed line), favoring the blue components, suggesting that the red shift is much 
shorter due to reduced recovery time for intra-dot processes (Akiyama et al, 2007). 
 

 
Fig. 18. The spectrum at output of a bulk SOA (dashed) compared to that of the QD-SOA 
(solid) 
For this specific demonstration the QD-SOA we use was fabricated on an all active InP 
wafer. The QD material was grown on an n-type InP (100) substrate by metal–organic 
vapor-phase epitaxy. In the active region, five-fold stacked InAs QD layers separated by 40-
nm-thick Q1.25-layer of InGaAsP were placed in the center of a 500-nm-thick lattice-
matched Q1.25 waveguide core (Nötzel et al, 2006). The SOA was based on a deeply etched 
waveguide structure with a width of 1.6 μm, insuring single mode operation, and had a 
length of 2.2 mm. In order to avoid lasing, the optical waveguides were tilted by 7° and the 
chip-facets were anti-reflection coated. The QD-SOA was biased at 300 mA of current and 
cooled to 13ºC, by a thermo-electric-cooler element aided by a water cooler, the device 
exhibited stable and repeatable performance. Main device performance merits for the 
operation current of 300mA include large 3dB bandwidth (>90 nm), high saturation output 
power (>13 dBm) and low chip noise figure (<7 dB) as well ultra-fast 10-to-90% recovery 
time (<10 ps at moderate bias currents). Fiber to fiber gain was approx. -10dB due to high 
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etched InP waveguides. 

Experiment details and results: 
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case is 2 dB. The best performing channel for the 1×4 wavelength conversion case, is that to 
the shortest wavelength (λ4=1539.25 nm), since it has only one adjacent signal. This 
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Fig. 20. Left: BER results for all the channels. Right: Eye patterns for the input and non-
inverted WC output (top and bottom respectively) 

well as low ASE noise. Thus when filtered out, the blue-chirp components of the output 
pulses have sufficient OSNR to ensure a small power penalty. The different slopes for the 
Back to Back and wavelength converted signals are due to the considerable broadening of 
the optical eye. The distorted eye is mainly due to the narrow pass bandwidth of the DeMuX 
and can be overcome by using a wider bandwidth filter.  

5. Conclusions and future research 
Semi-conductor optical amplifiers are fantastic devices for analog manipulation of light 
signals. Through diverse mechanisms, detailed in this chapter, it was shown that data 
signals at very high bit rates can be seamlessly copied from one optical carrier frequency to 
another. By manipulating the electrical carriers injected into the semi-conducting materials, 
data signals for arbitrary modulation formats have been shown to be converted through 
either the depletion of carriers (section 2 and 4) or the creation of index of refraction gratings 
(section 3). In most of the detailed demonstrations the resulting output signals are 
somewhat degraded, mostly due to reduced signal to noise ratio, resulting in a certain 
receiver sensitivity penalty. In section 4 we have also discussed how the use of novel 
materials, such as self assembled Quantum Dot amplifiers, can results in fast devices with 
improved signal to noise ratio and therefore support conversion of high speed signals.  
From the overview given here it is clear that all optical wavelength conversion is a very 
useful application of photonic technologies. If one aims to accomplish equivalent translation 
of information between two optical frequencies, by moving through the electrical signal 
plain, the required circuit is far more complex circuit (especially so, for bit rates above 
40Gb/s) and would consume far larger amounts of electrical power. Despite the obvious 
advantage of all optical signal processing via SOAs and the enormous research interest 
evident from the hundreds of scholarly publications written over the past 30 years, little if 
any of these methods and ideas were adopted for commercial applications. Only in the past 
two years there has been a slight change in the willingness to adopt such novel concepts 
with two high profile projects such as the MOTOR chips fabricated by UCSB (Nicholes et al, 
2009) and the joint NTT & Alcatel Lucent all optical packet switch (Chiaroni et al, 2010).  
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In order to make SOA based all optical wavelength convertors into a main stream solution, 
several key developments need to take place. SOAs are essentially similar to semiconductor 
lasers which are being fabricated and mass manufactured for many years. The additional 
fiber pigtail on the second facet of the edge emitting structure, as well as the required anti-
reflection coating, imply some added work and processing, but not much. Still the price of 
an SOA is around 2-3 orders of magnitude higher simply because the production volumes 
are very small. With this type of cost entry point, even the very simple SOA based 
wavelength convertor is more expensive then connecting, for example, two transceivers 
back-to-back to obtain wavelength conversion. So it is essential that prices of SOAs are 
sharply reduced. In addition, the noise level of SOAs remains a point of concern in case 
multiple hop optical networks are considered.  The accumulated noise from several SOAs 
concatenated in an optical network, may lower the OSNR to intolerable levels. To improve 
signal quality, efficient optical signal re-generators need to be developed. Alternatively, 
further advancement of Quantum Dot amplifiers, with their low noise floor and broad gain 
spectrum, may prove to be extremely useful in promoting all optical wavelength conversion. 
On the networking side, new data transfer protocols may need to be invented which rely 
less on data buffering and more on exploitation of the frequency domain for the purpose of 
contention resolution. With these advancement there is good reason to believe that all 
optical wavelength conversion based on semi-conductor optical amplifiers can be am 
integral part of any future all optical network. 
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Fig. 20. Left: BER results for all the channels. Right: Eye patterns for the input and non-
inverted WC output (top and bottom respectively) 
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1. Introduction 
Wavelength conversion has been suggested as one of the key functions for wavelength-
division-multiplexing (WDM) optical networks and photonic switch blocks. Several 
methods, such as a self-phase modulation (SPM), a cross-gain modulation (XGM), and cross-
phase modulation (XPM), can be used to realize all optical wavelength conversion (AOWC) 
[1-29]. However, four-wave mixing (FWM) based on nonlinear media, such as optical fiber 
and semiconductor optical amplifier (SOA), is considered to be the most promising scheme 
because it is fully transparent to the signal bit rate and modulation format. AOWC in SOA 
has many advantages such as easily compatible and highly covert efficiency. AOWC based 
on FWM in SOA for regular signal such as ON/OFF keying (OOK) signal has already 
investigated maturely but not for OFDM signals.  
This chapter discusses the performance for OFDM signal in AOWC based on FWM in an 
SOA. We found the result for OFDM signal is the same as that of OOK signal. Multiple 
frequency mm-wave generation is one of the key techniques in radio over fiber (ROF) 
system. Many methods can generate multiple frequency mm-wave such as using optical 
carrier suppression (OCS), suppression of odd-order sidebands, multi-cascaded external 
modulators and so on. Some references have proposed that multiple frequency mm-wave 
can be generated by using SOA based on FWM effect and discuss polarization insensitive in 
SOA. This chapter also introduces this method to generate mm-wave and discusses the 
polarization insensitive all-optical up-conversion for ROF system based on FWM in a SOA. 
We have proposed and experimentally investigated polarization insensitive all-optical up-
conversion for ROF system based on FWM in a SOA. One method is that a parallel pump is 
generated based on odd-order optical sidebands and carrier suppression using an external 
intensity modulator and a cascaded optical filter. Therefore, the two pumps are always 
parallel and phase locked, which makes the system polarization insensitive. This scheme has 
some unique advantages such as polarization insensitive, high wavelength stability, and 
low-frequency bandwidth requirement for RF signal and optical components. The other 
method is where co-polarized pump light-waves are generated by OCS modulation to keep 
the same polarization direction and phase locking between two pumps. This scheme also 
has excellent advantages such as small size, high-gain, polarization insensitivity, and low-
frequency bandwidth requirement for RF signal and optical components, and high 
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frequency bandwidth requirement for RF signal and optical components, and high 
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wavelength stability. The results of above two mentioned experiments show that the scheme 
based on dual-pump FWM in a SOA is one of the most promising all-optical up-conversions 
for radio-over-fiber systems. 

2. OFDM signal generation in our system description 
In this section the basic functions of the generation in our system are described. The OFDM 
baseband signals are calculated with a Matlab program including mapping 215-1 PRBS into 
256 QPSK-encoded subcarriers, among them, 200 subcarriers are used for data and 56 
subcarriers are set to zero as guard intervals. The cyclic prefix in time domain is 1/8, which 
would be 32 samples every OFDM frame. Subsequently converting the OFDM symbols into 
the time domain by using IFFT and then adding 32 pilots signal in the notch. The guard 
interval length is 1/4 OFDM period. 10 training sequences are applied for each 150 OFDM-
symbol frame in order to enable phase noise compensation. At the output the AWG low-
pass filters (LPF) with 5GHz bandwidth are used to remove the high-spectral components. 
The digital waveforms are then downloaded to a Tektronix AWG 610 arbitrary waveform 
generator (AWG) to generate a 2.5Gb/s electrical OFDM signal waveform. 

3. AOWC based on FWM in SOA for OFDM signal 
AOWC has been regarded as one of the key techniques for wavelength-division-
multiplexing (WDM) optical networks and photonic switch blocks and it can enhance the 
flexibility of WDM network management and interconnection [30-35]. Nowadays, there are 
some main techniques for wavelength conversion, which include XGM [33], XPM [34] and 
FWM [35-38].FWM is considered to be the most promising scheme because it is fully 
transparent to the signal bit rate and modulation format.  
OFDM is as one of the key techniques for 4G (the Fourth Generation Mobile Communication 
System), immune to fiber dispersion and polarization mode dispersion in optical fiber 
communication [39-42]. AOWC based on FWM in SOA for regular signal, such as OOK 
signals, has already been investigated but not for OFDM signals. 
We have theoretically analyzed and experimentally demonstrated three schemes for 
pumping, including single-pump, orthogonal-dual-pump and parallel-dual-pump based on 
the FWM effect for OFDM signal in SOA for wavelength conversion. Analysis result shows 
that: (1) the new converted wavelength signal carry the original signal, (2)single-pump 
scheme is sensitive to polarization, while orthogonal-dual-pump and parallel-dual-pump 
schemes are insensitive to polarization, (3)parallel-dual-pump scheme has the highest 
wavelength conversion efficiency, (4)Conversion efficiency of the converted signals are 
proportional to the amplitudes of the input signal and the pumps. In the single pump 
scheme, the conversion efficiency depends on the polarization angle between the pump and 
signal lightwave. In these dual-pump schemes, the conversion efficiency also depends on 
the frequency spacing between the pumps or between the signal and pump lightwave. 

3.1 Theory and result 
Figure 1 shows the configuration of all-optical wavelength conversion systems based on 
FWM for OFDM signal in a SOA. In the system, OFDM signal can be modulated on to a 
light wave generated from a distributed feedback laser diode(DFB-LD1) by an external 
intensity modulator (IM),two pumps are generated from DFB-LD2 and DFB-LD3, the 
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modulated signal light wave and pump light waves are coupled and then amplified by 
EDFA before they are injected into the SOA for FWM process. After wavelength conversion 
and optical filtering by a circulator and a FBG, the new converted signal carried original 
signal can be obtained.  
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Fig. 1. Configuration of all-optical wavelength conversion systems based on FWM in a SOA. 
DFB-LD: Distributed feedback-laser diode. FBG: Fiber bragg grating. IM: Intensity 
modulator. SOA: Semicondoctor optical amplifier. Cir: Circulator. 

Fig. 2 shows the principle of all-optical wavelength conversion systems based on FWM 
effect in an SOA. We build a coordinate system: for simplicity, the signal is assumed to be 
aligned with the X axis(horizontal orientation),Y axis(vertical orientation ), pump1 is at 
some angle θ with respect to the X axis, and pump2 is at some angleφ with respect to X axis. 
After being amplified by an SOA, the optical field of pump light waves can be expressed as 

( )i i i( , r , t) ( ,r)exp j k z- t+i i i iE Eω ω ω φ= (i=1,2). Here, ik , iω = iφ represent optical wave vector, 
angle frequency and phase, respectively. i=1,2 represent pump1 and pump2. The optical 
field of modulated signal light wave can be expressed as follows: 

 3 3 3 3 3 3 3 3( , , ) ( , )exp ( )E r t A E r j k z tω ω ω φ= − +                                (1) 

Here, 3A  represents the amplitude of the signal light wave. According to the principle of 
the four wave mixing effect, it can be envisaged as pairs of light waves to generate a beat, 
which modulate the input fields to generate upper or lower sidebands. 
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wavelength stability. The results of above two mentioned experiments show that the scheme 
based on dual-pump FWM in a SOA is one of the most promising all-optical up-conversions 
for radio-over-fiber systems. 

2. OFDM signal generation in our system description 
In this section the basic functions of the generation in our system are described. The OFDM 
baseband signals are calculated with a Matlab program including mapping 215-1 PRBS into 
256 QPSK-encoded subcarriers, among them, 200 subcarriers are used for data and 56 
subcarriers are set to zero as guard intervals. The cyclic prefix in time domain is 1/8, which 
would be 32 samples every OFDM frame. Subsequently converting the OFDM symbols into 
the time domain by using IFFT and then adding 32 pilots signal in the notch. The guard 
interval length is 1/4 OFDM period. 10 training sequences are applied for each 150 OFDM-
symbol frame in order to enable phase noise compensation. At the output the AWG low-
pass filters (LPF) with 5GHz bandwidth are used to remove the high-spectral components. 
The digital waveforms are then downloaded to a Tektronix AWG 610 arbitrary waveform 
generator (AWG) to generate a 2.5Gb/s electrical OFDM signal waveform. 

3. AOWC based on FWM in SOA for OFDM signal 
AOWC has been regarded as one of the key techniques for wavelength-division-
multiplexing (WDM) optical networks and photonic switch blocks and it can enhance the 
flexibility of WDM network management and interconnection [30-35]. Nowadays, there are 
some main techniques for wavelength conversion, which include XGM [33], XPM [34] and 
FWM [35-38].FWM is considered to be the most promising scheme because it is fully 
transparent to the signal bit rate and modulation format.  
OFDM is as one of the key techniques for 4G (the Fourth Generation Mobile Communication 
System), immune to fiber dispersion and polarization mode dispersion in optical fiber 
communication [39-42]. AOWC based on FWM in SOA for regular signal, such as OOK 
signals, has already been investigated but not for OFDM signals. 
We have theoretically analyzed and experimentally demonstrated three schemes for 
pumping, including single-pump, orthogonal-dual-pump and parallel-dual-pump based on 
the FWM effect for OFDM signal in SOA for wavelength conversion. Analysis result shows 
that: (1) the new converted wavelength signal carry the original signal, (2)single-pump 
scheme is sensitive to polarization, while orthogonal-dual-pump and parallel-dual-pump 
schemes are insensitive to polarization, (3)parallel-dual-pump scheme has the highest 
wavelength conversion efficiency, (4)Conversion efficiency of the converted signals are 
proportional to the amplitudes of the input signal and the pumps. In the single pump 
scheme, the conversion efficiency depends on the polarization angle between the pump and 
signal lightwave. In these dual-pump schemes, the conversion efficiency also depends on 
the frequency spacing between the pumps or between the signal and pump lightwave. 

3.1 Theory and result 
Figure 1 shows the configuration of all-optical wavelength conversion systems based on 
FWM for OFDM signal in a SOA. In the system, OFDM signal can be modulated on to a 
light wave generated from a distributed feedback laser diode(DFB-LD1) by an external 
intensity modulator (IM),two pumps are generated from DFB-LD2 and DFB-LD3, the 
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modulated signal light wave and pump light waves are coupled and then amplified by 
EDFA before they are injected into the SOA for FWM process. After wavelength conversion 
and optical filtering by a circulator and a FBG, the new converted signal carried original 
signal can be obtained.  
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Fig. 1. Configuration of all-optical wavelength conversion systems based on FWM in a SOA. 
DFB-LD: Distributed feedback-laser diode. FBG: Fiber bragg grating. IM: Intensity 
modulator. SOA: Semicondoctor optical amplifier. Cir: Circulator. 

Fig. 2 shows the principle of all-optical wavelength conversion systems based on FWM 
effect in an SOA. We build a coordinate system: for simplicity, the signal is assumed to be 
aligned with the X axis(horizontal orientation),Y axis(vertical orientation ), pump1 is at 
some angle θ with respect to the X axis, and pump2 is at some angleφ with respect to X axis. 
After being amplified by an SOA, the optical field of pump light waves can be expressed as 

( )i i i( , r , t) ( ,r)exp j k z- t+i i i iE Eω ω ω φ= (i=1,2). Here, ik , iω = iφ represent optical wave vector, 
angle frequency and phase, respectively. i=1,2 represent pump1 and pump2. The optical 
field of modulated signal light wave can be expressed as follows: 

 3 3 3 3 3 3 3 3( , , ) ( , )exp ( )E r t A E r j k z tω ω ω φ= − +                                (1) 

Here, 3A  represents the amplitude of the signal light wave. According to the principle of 
the four wave mixing effect, it can be envisaged as pairs of light waves to generate a beat, 
which modulate the input fields to generate upper or lower sidebands. 
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Fig. 2. Principle of all-optical wavelength conversion based on FWM effect. (a)single pump. 
(b)orthogonal pump. (c) parallel pump   

3.1.1 Principle of single-pump configuration for wavelength conversion  
In the single-pump configuration, a signal light wave and a pump light wave generate a 
beat 1 3ω ω− , and its amplitude can be expressed as: 

 1 3 1 3 1 3 1 3 3 1( )[( )exp ( ) ( )exp ( ) ]r A A j t A A j tα ω ω ω ω ω ω∗ ∗= − − + −  (2) 

The beat 1 3ω ω− modulates 1ω to produce upper and lower sidebands around 1ω  with 
frequency span of 1 3ω ω− and the optical field can be expressed as: 
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The beat 1 3ω ω−  modulates 3ω to produce upper and lower sidebands around 3ω  with a 
frequency span of 1 3ω ω− and the optical field can be expressed as: 
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What we are interested in is the optical frequency 1 32ω ω− , which is contributed by 
1 3ω ω−  modulating 1ω  and 3ω .Then, the optical field of new generated frequency 

wavelength can be expressed as: 

   1 3 1 3
1 3

[(2 ) (2 )]*
2 1 3 1 1 3 1 3 1E ( . ) ( )cos j tE E E A A r A e ω ω ϕ ϕ
ω ω ω ω θ − + −

− = = −  (5) 

 

Here, 1A  and 3A represent the amplitudes of pump and newly converted signal light wave 
after four wave mixing effect, respectively. 1 3( )r ω ω− is the conversion efficiency coefficient  
which is proportional to the frequency difference. On the basis of Eq. (5), we can derive the 
expression of optical power of the new signal as follows: 

 
1 3

2 2 2
2 1 3 1 3( )cos( )P A A rω ω ω ω θ− = −   (6) 

From Eq. (6) we can see that the output optical power is dependent on the frequency 
difference and the polarization angle between the pump and signal lightwave. The greater 
the frequency difference, the lower the conversion efficiency. When the polarization of the 
pump and the signal light are parallel, the output optical power takes maximum value. 
When the polarization of the pump and the signal light are orthogonal, the output optical 
power takes minimum value. From the above analysis, it appears that single-pump 
configuration is a polarization sensitive system.  

3.1.2 Principle of orthogonal-pump configuration for wavelength conversion 
In the orthogonal-pump configuration, three light waves with the frequencies of 1ω , 2ω  and 

3ω  generate three beats 1 2ω ω− , 1 3ω ω−  and 2 3ω ω− , each beat will modulate each input 
lightwave and generate two sidebands 
 The amplitude of beat 1 3ω ω− can be expressed as: 

 1 3 1 3 1 3 1 3 3 1( )[( )exp ( ) ( )exp ( ) ]r A A j t A A j tα ω ω ω ω ω ω∗ ∗= − − + −   (7) 

The beat 1 3ω ω−  modulates 2ω  to produce upper and lower sidebands around 2ω  with 

frequency span of 1 3ω ω− and the optical field can be expressed as: 
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The amplitude of the beat 2 3ω ω−  can be expressed as: 

 2 3 2 3 2 3 2 3 3 2( )[( )exp ( ) ( )exp ( ) ]r A A j t A A j tα ω ω ω ω ω ω∗ ∗= − − + −   (9) 

The beat 2 3ω ω− modulates 1ω to produce upper and lower sidebands around 1ω with the 
frequency span of 2 3ω ω− and the optical field can be expressed as: 
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Fig. 2. Principle of all-optical wavelength conversion based on FWM effect. (a)single pump. 
(b)orthogonal pump. (c) parallel pump   

3.1.1 Principle of single-pump configuration for wavelength conversion  
In the single-pump configuration, a signal light wave and a pump light wave generate a 
beat 1 3ω ω− , and its amplitude can be expressed as: 

 1 3 1 3 1 3 1 3 3 1( )[( )exp ( ) ( )exp ( ) ]r A A j t A A j tα ω ω ω ω ω ω∗ ∗= − − + −  (2) 

The beat 1 3ω ω− modulates 1ω to produce upper and lower sidebands around 1ω  with 
frequency span of 1 3ω ω− and the optical field can be expressed as: 
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The beat 1 3ω ω−  modulates 3ω to produce upper and lower sidebands around 3ω  with a 
frequency span of 1 3ω ω− and the optical field can be expressed as: 
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What we are interested in is the optical frequency 1 32ω ω− , which is contributed by 
1 3ω ω−  modulating 1ω  and 3ω .Then, the optical field of new generated frequency 

wavelength can be expressed as: 

   1 3 1 3
1 3

[(2 ) (2 )]*
2 1 3 1 1 3 1 3 1E ( . ) ( )cos j tE E E A A r A e ω ω ϕ ϕ
ω ω ω ω θ − + −

− = = −  (5) 

 

Here, 1A  and 3A represent the amplitudes of pump and newly converted signal light wave 
after four wave mixing effect, respectively. 1 3( )r ω ω− is the conversion efficiency coefficient  
which is proportional to the frequency difference. On the basis of Eq. (5), we can derive the 
expression of optical power of the new signal as follows: 

 
1 3

2 2 2
2 1 3 1 3( )cos( )P A A rω ω ω ω θ− = −   (6) 

From Eq. (6) we can see that the output optical power is dependent on the frequency 
difference and the polarization angle between the pump and signal lightwave. The greater 
the frequency difference, the lower the conversion efficiency. When the polarization of the 
pump and the signal light are parallel, the output optical power takes maximum value. 
When the polarization of the pump and the signal light are orthogonal, the output optical 
power takes minimum value. From the above analysis, it appears that single-pump 
configuration is a polarization sensitive system.  

3.1.2 Principle of orthogonal-pump configuration for wavelength conversion 
In the orthogonal-pump configuration, three light waves with the frequencies of 1ω , 2ω  and 

3ω  generate three beats 1 2ω ω− , 1 3ω ω−  and 2 3ω ω− , each beat will modulate each input 
lightwave and generate two sidebands 
 The amplitude of beat 1 3ω ω− can be expressed as: 

 1 3 1 3 1 3 1 3 3 1( )[( )exp ( ) ( )exp ( ) ]r A A j t A A j tα ω ω ω ω ω ω∗ ∗= − − + −   (7) 

The beat 1 3ω ω−  modulates 2ω  to produce upper and lower sidebands around 2ω  with 

frequency span of 1 3ω ω− and the optical field can be expressed as: 
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The amplitude of the beat 2 3ω ω−  can be expressed as: 

 2 3 2 3 2 3 2 3 3 2( )[( )exp ( ) ( )exp ( ) ]r A A j t A A j tα ω ω ω ω ω ω∗ ∗= − − + −   (9) 

The beat 2 3ω ω− modulates 1ω to produce upper and lower sidebands around 1ω with the 
frequency span of 2 3ω ω− and the optical field can be expressed as: 
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What we are interested in is optical frequency 1 2 3ω ω ω+ − , which is contributed by 1 3ω ω−  
modulating 2ω and 2 3ω ω− modulating 1ω .Thus, after a SOA the optical field of newly 
generated frequency wavelength can be expressed as: 
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When 
2
πθ φ− = , it means that the signal and pump are orthogonally polarized, namely, 

         cos cos( ) sin
2
πφ θ θ= − =  (12)                         

Eq. (11) can be written as following: 
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Here, 1 2,A A  and 3A represent the amplitudes of pumps and newly converted signal light 
wave after four wave mixing effect, 1 3( )r ω ω− and 2 3( )r ω ω− represent the conversion 
efficiency coefficient , which is inversely proportional to the frequency difference. From Eq. 
(13) ，It can be seen that the output power of the optical frequency is: 

 
1 2 3

2 2 2 2 2 2 2 2 2
3 1 3 1 2 2 3 2 1[ ( ) cos ( ) sin ]P A r A A r A Aω ω ω ω ω θ ω ω θ+ − = − + −  (14) 

Because 1 3 2 3ω ω ω ω− ≈ − , we obtain: 1 3 2 3( ) ( )r rω ω ω ω− ≈ −  
Therefore, Eq. (13) can be simplified to 

 
1 2 3

2 2 2 2 2 2 2 2 2 2
3 1 3 1 2 1 2 3 1 3( ) (cos sin ) ( )P A r A A A A A rω ω ω ω ω θ θ ω ω+ − = − + = −    (15) 

 

It can be seen that output signal optical power is independent of θ , that is to say, the 
orthogonal-dual-pump configuration is a polarization insensitive system, and its optical 
power relies on 1 3( )r ω ω−  with the interval of pump and signal light wave frequency 
increasing, the optical power gradually decrease. 

3.1.3 Principle of parallel-dual-pump configuration for wavelength conversion 
In the parallel-dual-pump configuration, three light waves with frequency of 1ω , 2ω  and 

3ω generate three beats 1 2ω ω− , 1 3ω ω− and 2 3ω ω− , each beat will modulate each input 
lightwave and generate two sidebands. 
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The amplitude of beat 1 2ω ω− can be expressed as: 

 1 2 1 2 1 2 1 2 2 1( )[( )exp ( ) ( )exp ( ) ]r A A j t A A j tα ω ω ω ω ω ω∗ ∗= − − + −   (16) 

The beat 1 2ω ω− modulates 3ω to produce upper and lower sidebands around 3ω with the 
frequency span of 1 2ω ω− and the optical field can be expressed as: 
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The amplitude of beat 3 2ω ω− can be expressed as: 

 3 2 3 2 3 2 3 2 2 3( )[( )exp ( ) ( )exp ( ) ]r A A j t A A j tα ω ω ω ω ω ω∗ ∗= − − + −   (18) 

The beat 3 2ω ω− modulates 1ω to produce upper and lower sidebands around 1ω with the 
frequency span of 3 2ω ω− and the optical field can be expressed as: 
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What we are interested in is the optical frequency 1 2 3ω ω ω− + , which is contributed by the 
beat 1 2ω ω− modulateing 3ω  and beat 3 2ω ω−  modulateing 1ω  
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Here, 1 2,A A  and 3A represent the amplitudes of pumps and new converted signal light 
wave after the four wave mixing effect, 1 2( )r ω ω− and 3 2( )r ω ω− represent conversion 
efficiency coefficient , which is inversely proportional to the frequency difference. 
When θ φ= , it means that signal and pump are parallel polarized and there is 

1 2 3 2( ) ( )r rω ω ω ω− >> −  because ω ω−1 2( )  is much smaller than ω ω−3 2( ) . Therefore, Eq. (20) 
depends largely on the first term and the second term can be basically ignored. Therefore, 
the signal polarization has little effect one the output optical power and Eq. (19) reduces to 
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From Eq. (21), It can be seen that the power of the optical frequency is 

 
1 2 3

2 2 2 2 2 2
1 2 3 1 2 3 2[ ( ) ( )cos ( )]P A A A r rω ω ω ω ω ω ω φ− + = − + −    (22)       

We can see that if the signal light polarization direction is parallel to the pump light 
polarization ( 0φ = ), the output power takes a the maximum; whereas, if the signal light 
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What we are interested in is optical frequency 1 2 3ω ω ω+ − , which is contributed by 1 3ω ω−  
modulating 2ω and 2 3ω ω− modulating 1ω .Thus, after a SOA the optical field of newly 
generated frequency wavelength can be expressed as: 
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When 
2
πθ φ− = , it means that the signal and pump are orthogonally polarized, namely, 

         cos cos( ) sin
2
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Eq. (11) can be written as following: 
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Here, 1 2,A A  and 3A represent the amplitudes of pumps and newly converted signal light 
wave after four wave mixing effect, 1 3( )r ω ω− and 2 3( )r ω ω− represent the conversion 
efficiency coefficient , which is inversely proportional to the frequency difference. From Eq. 
(13) ，It can be seen that the output power of the optical frequency is: 
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Because 1 3 2 3ω ω ω ω− ≈ − , we obtain: 1 3 2 3( ) ( )r rω ω ω ω− ≈ −  
Therefore, Eq. (13) can be simplified to 
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It can be seen that output signal optical power is independent of θ , that is to say, the 
orthogonal-dual-pump configuration is a polarization insensitive system, and its optical 
power relies on 1 3( )r ω ω−  with the interval of pump and signal light wave frequency 
increasing, the optical power gradually decrease. 

3.1.3 Principle of parallel-dual-pump configuration for wavelength conversion 
In the parallel-dual-pump configuration, three light waves with frequency of 1ω , 2ω  and 

3ω generate three beats 1 2ω ω− , 1 3ω ω− and 2 3ω ω− , each beat will modulate each input 
lightwave and generate two sidebands. 
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The amplitude of beat 1 2ω ω− can be expressed as: 

 1 2 1 2 1 2 1 2 2 1( )[( )exp ( ) ( )exp ( ) ]r A A j t A A j tα ω ω ω ω ω ω∗ ∗= − − + −   (16) 

The beat 1 2ω ω− modulates 3ω to produce upper and lower sidebands around 3ω with the 
frequency span of 1 2ω ω− and the optical field can be expressed as: 
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 (17) 

The amplitude of beat 3 2ω ω− can be expressed as: 

 3 2 3 2 3 2 3 2 2 3( )[( )exp ( ) ( )exp ( ) ]r A A j t A A j tα ω ω ω ω ω ω∗ ∗= − − + −   (18) 

The beat 3 2ω ω− modulates 1ω to produce upper and lower sidebands around 1ω with the 
frequency span of 3 2ω ω− and the optical field can be expressed as: 
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 (19) 

What we are interested in is the optical frequency 1 2 3ω ω ω− + , which is contributed by the 
beat 1 2ω ω− modulateing 3ω  and beat 3 2ω ω−  modulateing 1ω  

 1 2 3

1 2 3 1 2 3

* *
1 2 3 3 2 1

[( ) ( )]
1 2 1 2 3 3 2 3 2 1

E ( . ) ( . )
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ω ω ω
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 (20) 

Here, 1 2,A A  and 3A represent the amplitudes of pumps and new converted signal light 
wave after the four wave mixing effect, 1 2( )r ω ω− and 3 2( )r ω ω− represent conversion 
efficiency coefficient , which is inversely proportional to the frequency difference. 
When θ φ= , it means that signal and pump are parallel polarized and there is 

1 2 3 2( ) ( )r rω ω ω ω− >> −  because ω ω−1 2( )  is much smaller than ω ω−3 2( ) . Therefore, Eq. (20) 
depends largely on the first term and the second term can be basically ignored. Therefore, 
the signal polarization has little effect one the output optical power and Eq. (19) reduces to 

   1 2 3 1 2 3
1 2 3

[( ) ( ) _]
1 2 1 2 3 3 2 3 2 1[ ( ) ( ) cos( )] j tE A A r A A A r A e ω ω ω φ φ φ

ω ω ω ω ω ω ω ϕ − + + − +
− + = − + −  (21) 

From Eq. (21), It can be seen that the power of the optical frequency is 

 
1 2 3

2 2 2 2 2 2
1 2 3 1 2 3 2[ ( ) ( )cos ( )]P A A A r rω ω ω ω ω ω ω φ− + = − + −    (22)       

We can see that if the signal light polarization direction is parallel to the pump light 
polarization ( 0φ = ), the output power takes a the maximum; whereas, if the signal light 
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polarization direction is orthogonal to that of the pump (
2
πϕ = ), the output power takes a 

minimum. Therefore, the converted signal power depends on the frequency interval 
between pumps, signal and pump and the polarization angle between them. However, we 
can conclude that parallel-dual-pump configuration is polarization insensitive system. 
  Through the above analysis above, output optical power of the structures of single-pump, 
orthogonal-dual-pump and parallel double-pump is: 
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At first, it seems from the above equations that the new wavelength converted signal carries 
the original signal. 
Secondly, because the conversion efficiency coefficient is inversely proportional to the 
frequency interval, such a relationship 1 2 3 2( ) ( )r rω ω ω ω− >> −  that the parallel pump has 
the highest wavelength conversion efficiency.  
Finally, OFDM as one of the key techniques for 4G, is immune to fiber dispersion and 
polarization mode dispersion in optical fiber communication. We investigated AOWC based 
on FWM in a SOA for OFDM signal, which is of great significance. If we introduce OFDM 
signal into a AOWC, 3A  represents the amplitudes of OFDM signal light wave, it is a time-
related functions, we can see from the above formula that the new converted wavelength 
signal carry the original OFDM signal. Therefore, the performance for OFDM signal in 
AOWC based on FWM in a SOA is the same as that of OOK signal. 

3.2 Experimental setup 
Fig. 3 shows the experimental configuration setup and results for an all-optical 
wavelength conversion based on the single pump FWM effect in a SOA. Two continuous 
lightwaves generated by the DFB-LD1 and DFB-LD2 at 1544.25nm and 1544.72nm, are 
used for the pump light and signal light. AWG produces 2.5Gb/s based on the orthogonal 
phase-shift keyed modulation OFDM signal and its electrical spectrum is shown in Fig. 3 
(a). The CW light generated by DFB-LD1 at 1544.72nm signal light is modulated via a 
single-arm LN-MOD biased at 2.32V.The half-wave voltage (vπ) of the LN-MOD is 7.8V, 
its 3dB bandwidth is greater than 8GHZ, and its extinction ratio is greater than 25dB.The 
2.5 Gbit/s optical signals and the pump signal are combined by a optical coupler (OC) 
before an erbium-doped fiber amplifiers (EDFA) which is used to boost the power of the 
two signals. The optical spectra before and after SOA are shown in Fig. 3 (b) and (c), 
respectively. The optical power of the signal light, pump lights are 5.38dBm, 8.8dBm and 
8.0dBm, respectively. As shown in Fig3(c), wavelength of the converted signal is 
1543.78nm, optical signa-to-noise power ratio(OSNR) is 25dBm.The wavelength 
conversion efficiency is -15dB.A FBG with a 3dB bandwidth of 0.15nm and a TOF with a 
0.5 nm bandwidth is used to filter out the converted signal. The converted OFDM signal is 
send to 10Gb/s optical receiver. The OFDM signal detected from optical receiver is sent to 
a real-time oscilloscope for data collection. 
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Fig. 3. Configuration of experimental setup and results for all-optical wavelength conversion 
based on single pump FWM effect in SOA.(a) Electrical spectra of the OFDM signal; 
(b)optical spectral of the combined signals before SOA; (c)optical spectra of signal after SOA. 
DFB-LD:distributed feedback laser diode; FBG:Fiber bragg grating, IM:Intensity modulator, 
SOA:Semicondoctor optical amplifier ,Cir:Circulator; TOF: Tunable optical filter 
Fig. 4 shows the experimental configuration setup and results for the all-optical  wavelength 
conversion based on the single pump FWM effect in a SOA. Two continuous lightwaves 
generated by the DFB-LD2 and DFB-LD3 at 1544.15nm and 1544.65nm, are used for the 
pump lights. AWG produces 2.5Gb/s based on the orthogonal phase-shift keyed 
modulation OFDM signal, and its electrical spectrum is shown in Fig4 (a). The CW light 
generated by DFB-LD1 at 1545.05nm is modulated via a single-arm LN-MOD biased at 
1.62V.The half-wave voltage (vπ) of the LN-MOD is 7.8V, its 3dB bandwidth is greater than 
8GHz and its extinction ratio is greater than 25dB.The 2.5 Gbit/s optical signals and the 
pump signals are combined by a optical coupler (OC) before EDFA to boost the power of the 
two signals. The optical spectra before and after SOA are shown in Fig.4 (b) and (c), 
respectively. The optical power of the signal light and pump lights are 5.7dBm, 11.6dBm and 
11.6dBm, respectively. As shown in Fig4(c), the wavelength of the converted signal is 
1543.76nm, optical signal-to-noise power ratio(OSNR) is 25dBm.The wavelength conversion 
efficiency is -15dB.A FBG with a bandwidth of 0.15nm and a TOF with a 0.5 nm bandwidth 
is used to filter out the converted signal. The converted OFDM signal is sent to the 10Gb/s 
optical receiver. The OFDM signal detected from optical receiver is then sent to the real-time 
oscilloscope for data collection. 
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polarization direction is orthogonal to that of the pump (
2
πϕ = ), the output power takes a 

minimum. Therefore, the converted signal power depends on the frequency interval 
between pumps, signal and pump and the polarization angle between them. However, we 
can conclude that parallel-dual-pump configuration is polarization insensitive system. 
  Through the above analysis above, output optical power of the structures of single-pump, 
orthogonal-dual-pump and parallel double-pump is: 

 
1 3

1 2 3

1 2 3

2 2 2 2
2 1 3 1 3

2 2 2 2
1 2 3 1 3
2 2 2 2 2 2
1 2 3 1 2 3 2

( )cos ( )

( )

[ ( ) ( )cos ( )]

P A A r

P A A A r

P A A A r r

ω ω

ω ω ω

ω ω ω

ω ω θ

ω ω

ω ω ω ω φ

−

+ −

− +

= −

= −

= − + −

 (23) 

At first, it seems from the above equations that the new wavelength converted signal carries 
the original signal. 
Secondly, because the conversion efficiency coefficient is inversely proportional to the 
frequency interval, such a relationship 1 2 3 2( ) ( )r rω ω ω ω− >> −  that the parallel pump has 
the highest wavelength conversion efficiency.  
Finally, OFDM as one of the key techniques for 4G, is immune to fiber dispersion and 
polarization mode dispersion in optical fiber communication. We investigated AOWC based 
on FWM in a SOA for OFDM signal, which is of great significance. If we introduce OFDM 
signal into a AOWC, 3A  represents the amplitudes of OFDM signal light wave, it is a time-
related functions, we can see from the above formula that the new converted wavelength 
signal carry the original OFDM signal. Therefore, the performance for OFDM signal in 
AOWC based on FWM in a SOA is the same as that of OOK signal. 

3.2 Experimental setup 
Fig. 3 shows the experimental configuration setup and results for an all-optical 
wavelength conversion based on the single pump FWM effect in a SOA. Two continuous 
lightwaves generated by the DFB-LD1 and DFB-LD2 at 1544.25nm and 1544.72nm, are 
used for the pump light and signal light. AWG produces 2.5Gb/s based on the orthogonal 
phase-shift keyed modulation OFDM signal and its electrical spectrum is shown in Fig. 3 
(a). The CW light generated by DFB-LD1 at 1544.72nm signal light is modulated via a 
single-arm LN-MOD biased at 2.32V.The half-wave voltage (vπ) of the LN-MOD is 7.8V, 
its 3dB bandwidth is greater than 8GHZ, and its extinction ratio is greater than 25dB.The 
2.5 Gbit/s optical signals and the pump signal are combined by a optical coupler (OC) 
before an erbium-doped fiber amplifiers (EDFA) which is used to boost the power of the 
two signals. The optical spectra before and after SOA are shown in Fig. 3 (b) and (c), 
respectively. The optical power of the signal light, pump lights are 5.38dBm, 8.8dBm and 
8.0dBm, respectively. As shown in Fig3(c), wavelength of the converted signal is 
1543.78nm, optical signa-to-noise power ratio(OSNR) is 25dBm.The wavelength 
conversion efficiency is -15dB.A FBG with a 3dB bandwidth of 0.15nm and a TOF with a 
0.5 nm bandwidth is used to filter out the converted signal. The converted OFDM signal is 
send to 10Gb/s optical receiver. The OFDM signal detected from optical receiver is sent to 
a real-time oscilloscope for data collection. 
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Fig. 3. Configuration of experimental setup and results for all-optical wavelength conversion 
based on single pump FWM effect in SOA.(a) Electrical spectra of the OFDM signal; 
(b)optical spectral of the combined signals before SOA; (c)optical spectra of signal after SOA. 
DFB-LD:distributed feedback laser diode; FBG:Fiber bragg grating, IM:Intensity modulator, 
SOA:Semicondoctor optical amplifier ,Cir:Circulator; TOF: Tunable optical filter 
Fig. 4 shows the experimental configuration setup and results for the all-optical  wavelength 
conversion based on the single pump FWM effect in a SOA. Two continuous lightwaves 
generated by the DFB-LD2 and DFB-LD3 at 1544.15nm and 1544.65nm, are used for the 
pump lights. AWG produces 2.5Gb/s based on the orthogonal phase-shift keyed 
modulation OFDM signal, and its electrical spectrum is shown in Fig4 (a). The CW light 
generated by DFB-LD1 at 1545.05nm is modulated via a single-arm LN-MOD biased at 
1.62V.The half-wave voltage (vπ) of the LN-MOD is 7.8V, its 3dB bandwidth is greater than 
8GHz and its extinction ratio is greater than 25dB.The 2.5 Gbit/s optical signals and the 
pump signals are combined by a optical coupler (OC) before EDFA to boost the power of the 
two signals. The optical spectra before and after SOA are shown in Fig.4 (b) and (c), 
respectively. The optical power of the signal light and pump lights are 5.7dBm, 11.6dBm and 
11.6dBm, respectively. As shown in Fig4(c), the wavelength of the converted signal is 
1543.76nm, optical signal-to-noise power ratio(OSNR) is 25dBm.The wavelength conversion 
efficiency is -15dB.A FBG with a bandwidth of 0.15nm and a TOF with a 0.5 nm bandwidth 
is used to filter out the converted signal. The converted OFDM signal is sent to the 10Gb/s 
optical receiver. The OFDM signal detected from optical receiver is then sent to the real-time 
oscilloscope for data collection. 
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Fig. 4. Configuration of experimental setup and results for all-optical wavelength conversion 
based on orthogonal-dual-pump FWM effect in SOA.(a) Electrical spectra of the OFDM 
signal;(b)optical spectral of the combined signals before SOA;(c)optical spectra of signal 
after SOA. DFB-LD:distributed feedback laser diode; FBG:Fiber bragg grating, IM:Intensity 
modulator, SOA:Semicondoctor optical amplifier ,Cir:Circulator; TOF: Tunable optical filter. 
OSC: oscillator. 
Fig. 5 shows the experimental configuration setup and results for the all-optical wavelength 
conversion based on the single pump FWM effect in a SOA. Two continuous lightwaves 
generated by the DFB-LD2 and DFB-LD3 are used for the pump lights. AWG produces 
2.5Gb/s based on the orthogonal phase-shift keyed modulation OFDM signal, its electrical 
spectrum is shown in Fig.5 as inset (i). The CW light generated by DFB-LD1 at 1544.72nm 
signal light is modulated via a single-arm LN-MOD biased at 1.62V.The half-wave voltage 
(vπ) of the LN-MOD is 7.8V, its 3dB bandwidth is greater than 8GHz, and its extinction ratio 
is greater than 25dB.The 2.5 Gbit/s optical signals and the pump signals are combined by an 
optical coupler (OC) before an EDFA to boost the power of the two signals. The optical 
spectra before and after a SOA are shown in Fig.5 (a) and (b), respectively. The optical 
power of the signal lightwave and pump lightwaves are 2.0dBm, 6.5dBm and 8.9dBm, 
respectively. As shown in Fig5(b), wavelength of the converted signal is 1543.78nm, optical 
signal-to-noise power ratio(OSNR) is 23dBm.The wavelength conversion efficiency is -
17dB.A FBG with a 3dB bandwidth of 0.15nm and a TOF with 0.5 nm bandwidth is used to 
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filter out the converted signal. The converted OFDM signal is sent to the 10Gb/s optical 
receiver. The OFDM signal detected from optical receiver is sent to real-time oscilloscope for 
data collection. The received electrical spectrum is shown in Fig.5 as inset (ii). 
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Fig. 5. Configuration of experimental setup and results for all-optical wavelength conversion 
based on parallel-dual-pump FWM effect in SOA.(i) Electrical spectra of the original OFDM 
signal; (ii) Electrical spectra of the converted OFDM signal; (a)optical spectral of the 
combined signals before SOA;(b)optical spectra of signal after SOA. DFB-LD:distributed 
feedback laser diode; FBG:Fiber bragg grating, IM:Intensity modulator ,SOA:Semicondoctor 
optical amplifier ,Cir:Circulator; TOF: Tunable optical filter. OSC: oscillator. 

3.3 Experimental results 
3.3.1 The comparison of Conversion efficiency   
In the experiment, we measured the original signal and the pump optical power, the optical 
signal-to-noise ratio and the conversion efficiency of the three configurations as following 
table 1 show:   
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Fig. 4. Configuration of experimental setup and results for all-optical wavelength conversion 
based on orthogonal-dual-pump FWM effect in SOA.(a) Electrical spectra of the OFDM 
signal;(b)optical spectral of the combined signals before SOA;(c)optical spectra of signal 
after SOA. DFB-LD:distributed feedback laser diode; FBG:Fiber bragg grating, IM:Intensity 
modulator, SOA:Semicondoctor optical amplifier ,Cir:Circulator; TOF: Tunable optical filter. 
OSC: oscillator. 
Fig. 5 shows the experimental configuration setup and results for the all-optical wavelength 
conversion based on the single pump FWM effect in a SOA. Two continuous lightwaves 
generated by the DFB-LD2 and DFB-LD3 are used for the pump lights. AWG produces 
2.5Gb/s based on the orthogonal phase-shift keyed modulation OFDM signal, its electrical 
spectrum is shown in Fig.5 as inset (i). The CW light generated by DFB-LD1 at 1544.72nm 
signal light is modulated via a single-arm LN-MOD biased at 1.62V.The half-wave voltage 
(vπ) of the LN-MOD is 7.8V, its 3dB bandwidth is greater than 8GHz, and its extinction ratio 
is greater than 25dB.The 2.5 Gbit/s optical signals and the pump signals are combined by an 
optical coupler (OC) before an EDFA to boost the power of the two signals. The optical 
spectra before and after a SOA are shown in Fig.5 (a) and (b), respectively. The optical 
power of the signal lightwave and pump lightwaves are 2.0dBm, 6.5dBm and 8.9dBm, 
respectively. As shown in Fig5(b), wavelength of the converted signal is 1543.78nm, optical 
signal-to-noise power ratio(OSNR) is 23dBm.The wavelength conversion efficiency is -
17dB.A FBG with a 3dB bandwidth of 0.15nm and a TOF with 0.5 nm bandwidth is used to 
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filter out the converted signal. The converted OFDM signal is sent to the 10Gb/s optical 
receiver. The OFDM signal detected from optical receiver is sent to real-time oscilloscope for 
data collection. The received electrical spectrum is shown in Fig.5 as inset (ii). 
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Fig. 5. Configuration of experimental setup and results for all-optical wavelength conversion 
based on parallel-dual-pump FWM effect in SOA.(i) Electrical spectra of the original OFDM 
signal; (ii) Electrical spectra of the converted OFDM signal; (a)optical spectral of the 
combined signals before SOA;(b)optical spectra of signal after SOA. DFB-LD:distributed 
feedback laser diode; FBG:Fiber bragg grating, IM:Intensity modulator ,SOA:Semicondoctor 
optical amplifier ,Cir:Circulator; TOF: Tunable optical filter. OSC: oscillator. 

3.3 Experimental results 
3.3.1 The comparison of Conversion efficiency   
In the experiment, we measured the original signal and the pump optical power, the optical 
signal-to-noise ratio and the conversion efficiency of the three configurations as following 
table 1 show:   
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 Single-pump Orthogonal-pump parallel-pump 
Original signal 5.38dBm 5.7dBm 2.0dBm 

Pump1 8.8dBm 11.6dBm 6.5dBm 
Pump2 8.0dBm 11.6dBm 8.9dBm 
OSNR 25dB 25dB 23dB 

Conversion efficiency -15dB -15dB -17dB 

Table 1. Comparison of three configurations 
From the table we can see that the when three configurations in terms of optical signal-to-
noise ratio and conversion efficiency are similar, the original signal light and pumped 
optical power of parallel-double-pump configuration are minimal, that means this scheme 
has the highest conversion efficiency. So, the experimental results are agreed well with the 
theoretical analysis. 

3.3.2 The comparison of power penalty 
 

 
Fig. 6. The bit error rate (BER) curves and received constellations of three configuration 
From the Fig. 6 we can see that the power penalty of parallel-dual-pump configuration is 
minimal compared to the other two configurations. After wavelength conversion, the 
converted signal is still OFDM signal, and the difference of received constellations between 
original and converted signal of parallel-dual-pump configuration is minimal, that is to say, 
this configuration has the smallest bit error rate (BER) 
In conclusion, FWM based on SOA is considered to be the most promising scheme because 
it is fully transparent to the signal bit rate and modulation format, combined with OFDM 
signals, it can enhance the performance of optical networks, and is of significance for 
realizing all optical networks. On the other side, orthogonal-dual-pump and parallel-dual-
pump schemes are polarization insensitive schemes. We can employ these schemes for all-
optical up-conversion for ROF system. 

4. The application of SOA in ROF system 
The ROF converge two most important conventional communication technologies: radio 
frequency (RF) for wireless and optical fiber for wired transmission. It can afford huge 
bandwidth and communication flexibility, besides it can transmit wireless or wired signal to 
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long distance region. So it becomes a very attractive technology in access network [43-48]. 
However, we still have to solve many problems in ROF system, such as simplify the base 
station and generation of high-frequency millimeter (mm)-wave [44, 47-48], In order to 
generate high-frequency mm-wave, we have tried many types of schemes [48-53]. In Ref. 
[50], we proposed a novel scheme to generate frequency-quadruple optical mm-wave radio-
over-fiber system based on suppression odd-sideband by using one external modulator and 
cascaded Fiber Bragg Grating (FBG) filter.  
Apart from this, there are many other suggestions to generate high-repetitive frequency 
millimeter (mm)-wave. Some researchers suggest we can use the nonlinear effects of some 
medium to generate mm-wave, such as XPM, SPM and FMW.FWM has the unique 
advantage of being transparent to the modulation format and the bit rate, which is of critical 
importance when handling analog or digital signals with speed of hundreds gigabit per 
second (difficult with XGM and XPM) [4, 13, 36, 54]. The medium which researchers are 
most interested in are HNLF and SOA [6]. 
In Ref. [55], H. Song etc. use the SOA-MZI (semiconductor optical amplifier Mach-Zehnder 
interferometer) to realize frequency up conversion to mm -wave, this just use the XPM effect 
in the SOA to generate the mm-wave. Many researchers preferred to use the FWM to 
generate mm-wave [6, 56-60].The reason is we can get cost-effective mm-wave by using 
FWM effect compared with other two nonlinear effects of high nonlinear medium. In 2006, J. 
Yao etc. proposed millimeter-wave frequency tripling based on FWM in a SOA [56]. In this 
article two signals are not phase and polarization locked , in order to keeping the phase of 
the two signal locked they used the optical phase-locked loop (OPLL), but they can not 
ensure the polarization of two signal and this directly leads to the low conversion efficiency . 
To improve the conversion efficiency, A. Wiberg used the OCS intensity modulation to 
generate two phase-locked wavelengths, and then he used these two wavelengths as two 
pumps to generate two new sidebands through the FWM effect in HNLF [61]. Through this 
scheme, a frequency six times of the electrical drive signal is obtained. It also improved the 
conversion efficiency. In this scheme A. Wiberg used HNLF instead of SOA, as we know the 
FWM in SOA has the following advantages against in HNLF: 
a. In order to generate the two new sidebands with high power, the power of two pumps 

must be very high and the HNLF length should be long, which makes the system bulky 
and costly; 

b. When pump power is very high, other nonlinear except FWM such as simulated 
Brillouin scattering (SBS), SPM and XPM may appear which will degrade the 
conversion efficiency. 

To avoid difficult caused by using FWM effect of HNLF, J. Yao etc. suggested to use SOA 
instead of HNLF, and the pump are also two phase-locked generated by OCS intensity 
modulation [57].Then S. Xie etc. also proposal some scheme based on FWM effect of SOA to 
generate mm-wave [58-60].In Ref. [58], they use two cascaded optical modulators and FWM 
effect in SOA to generate a 12 times microwave source frequency with high spectral purity. 
First they generated frequency-quadruple optical mm-wave, then the optical lightwave is 
injected into SOA to get a 12 times microwave source frequency mm-wave. Since only one 
integrated MZM can also generate a frequency-quadruple optical mm-wave [62], So P.T. 
Shih etc. used only one MZM and SOA to get a 12 times microwave source frequency mm-
wave [63]. What we have discussed above is just FWM effect of SOA when only two signals 
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long distance region. So it becomes a very attractive technology in access network [43-48]. 
However, we still have to solve many problems in ROF system, such as simplify the base 
station and generation of high-frequency millimeter (mm)-wave [44, 47-48], In order to 
generate high-frequency mm-wave, we have tried many types of schemes [48-53]. In Ref. 
[50], we proposed a novel scheme to generate frequency-quadruple optical mm-wave radio-
over-fiber system based on suppression odd-sideband by using one external modulator and 
cascaded Fiber Bragg Grating (FBG) filter.  
Apart from this, there are many other suggestions to generate high-repetitive frequency 
millimeter (mm)-wave. Some researchers suggest we can use the nonlinear effects of some 
medium to generate mm-wave, such as XPM, SPM and FMW.FWM has the unique 
advantage of being transparent to the modulation format and the bit rate, which is of critical 
importance when handling analog or digital signals with speed of hundreds gigabit per 
second (difficult with XGM and XPM) [4, 13, 36, 54]. The medium which researchers are 
most interested in are HNLF and SOA [6]. 
In Ref. [55], H. Song etc. use the SOA-MZI (semiconductor optical amplifier Mach-Zehnder 
interferometer) to realize frequency up conversion to mm -wave, this just use the XPM effect 
in the SOA to generate the mm-wave. Many researchers preferred to use the FWM to 
generate mm-wave [6, 56-60].The reason is we can get cost-effective mm-wave by using 
FWM effect compared with other two nonlinear effects of high nonlinear medium. In 2006, J. 
Yao etc. proposed millimeter-wave frequency tripling based on FWM in a SOA [56]. In this 
article two signals are not phase and polarization locked , in order to keeping the phase of 
the two signal locked they used the optical phase-locked loop (OPLL), but they can not 
ensure the polarization of two signal and this directly leads to the low conversion efficiency . 
To improve the conversion efficiency, A. Wiberg used the OCS intensity modulation to 
generate two phase-locked wavelengths, and then he used these two wavelengths as two 
pumps to generate two new sidebands through the FWM effect in HNLF [61]. Through this 
scheme, a frequency six times of the electrical drive signal is obtained. It also improved the 
conversion efficiency. In this scheme A. Wiberg used HNLF instead of SOA, as we know the 
FWM in SOA has the following advantages against in HNLF: 
a. In order to generate the two new sidebands with high power, the power of two pumps 

must be very high and the HNLF length should be long, which makes the system bulky 
and costly; 

b. When pump power is very high, other nonlinear except FWM such as simulated 
Brillouin scattering (SBS), SPM and XPM may appear which will degrade the 
conversion efficiency. 

To avoid difficult caused by using FWM effect of HNLF, J. Yao etc. suggested to use SOA 
instead of HNLF, and the pump are also two phase-locked generated by OCS intensity 
modulation [57].Then S. Xie etc. also proposal some scheme based on FWM effect of SOA to 
generate mm-wave [58-60].In Ref. [58], they use two cascaded optical modulators and FWM 
effect in SOA to generate a 12 times microwave source frequency with high spectral purity. 
First they generated frequency-quadruple optical mm-wave, then the optical lightwave is 
injected into SOA to get a 12 times microwave source frequency mm-wave. Since only one 
integrated MZM can also generate a frequency-quadruple optical mm-wave [62], So P.T. 
Shih etc. used only one MZM and SOA to get a 12 times microwave source frequency mm-
wave [63]. What we have discussed above is just FWM effect of SOA when only two signals 
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injected into SOA. Many researchers also investigated what will happen if they inject three 
signals (two of them are pump signals, another is probe signal) into SOA. They found FWM 
can also occur when certain conditions are met [64].  
H. J. Kim accomplished all-optical up-conversion for ROF system through FWM in SOA 
because of its positive conversion efficiency and wide LO frequency bandwidth [64]. 
However, only double frequency mm-wave is generated and polarization sensitivity of this 
FWM system is not discussed in [64].Recently, polarization insensitive FWM in nonlinear 
optical fiber based on co-polarized pump scheme has been demonstrated in [6, 35], which is 
an effective way to increase the system stability. In Ref. [6, 35], two pumps are generated 
from different laser sources; therefore, the phase is not locked. Moreover, two polarization 
controllers (PC) are used to keep the two lightwaves to have the same polarization direction. 
We have investigated whether FWM is polarization sensitive in SOA based on co-polarized 
pump scheme, we proved FWM is polarization insensitive with parallel pump [52, 65-66], 
Configuration of experimental setup and results for all-optical wavelength conversion based 
on parallel-pump FWM effect in SOA shows in Fig.5.Three DFB generate pump and probe 
signals, two of them are used as pumps, another is probe. We must keep the pumps phase-
locked and parallel. We try to change the polarization direction of the probe, the converted 
lightwaves are constant. We can see two converted signals in both sides of the probe signal, 
then we get any two of three lightwaves, we generate mm-wave after the optical to electrical 
conversion. And then we find the similar conclusion with orthogonal pumps [53]. 
In Ref. [57], we experimentally demonstrate all-optical up-conversion of radio-over-fiber 
signals based on a dual-pump four wave mixing in a SOA for the first time. The co-
polarized pump light-waves are generated by OCS modulation to keep the same 
polarization direction and phase locked between two pumps. The proposed scheme to 
realize all-optical up-conversion based on FWM in a SOA is shown in Fig. 7. It is similar to 
the up-conversion scheme by nonlinear optical fiber [6]. The OCS signal is generated by an  
 

 
Fig. 7. The principle diagram of polarization-insensitive all-optical up-conversion based on 
FWM effect in a SOA. The repetitive frequency of the RF signal is f, and the IM’s DC is 
biased at null point. 
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external intensity modulator (IM) biased at null point. The continuous wave (CW) light-
wave generated by a DFB array is modulated via a single-arm IM driven by a RF sinusoidal 
wave signal with a repetitive frequency of f based on the OCS modulation scheme to 
generate two subcarriers with wavelength spacing of 2f. The generated two lightwaves, 
which will be used as pump signals, have the same polarization direction, optical power, 
and locked phase. The two converted signals with channel spacing of 4f can be obtained 
after FWM effect in SOA. The two converted signals have the same polarization direction 
and locked phase as well. When the pumps and original signal are removed by optical filters, 
the all-optical up-converted signals carried by 4f optical carrier are achieved. 
Fig. 8 shows the experimental setup for single channel up conversion. In the central office 
(CO), the continuous lightwave generated by the DFB-LD0 at 1550nm is modulated by a 
single-arm LN-MOD biased at vπ and driven by an 10GHz LO to realize OCS. The repetitive 
frequency of the LO optical signal is 20GHz, and the carrier suppression ratio is larger than 
20 dB. The high sidebands are removed by a 50/100 GHz IL, and the optical spectrum is 
shown in Fig. 8 as inset (i). The CW generated by DFB-LD1 at 1543.82 nm is modulated via 
another LN-MOD driven by 2.5-Gb/s pseudorandom binary sequence data with a length of 

312 1− to generate regular OOK non-return-to-zero (NRZ) optical signals. The 2.5 Gbit/s 
optical signals and the 20 GHz OCS pump signals are combined by a 3-dB OC before two 
individual EDFA are used to boost the power of the two signals respectively. The SOA is  
 

 

 
Fig. 8. Experimental setup and results for all-optical up-conversion base on four-wave 
mixing in SOA, Cir: optical circulator, TOF: tunable optical filter, EA: electrical amplifier. 
Inset (i): OCS signals after IL; (ii): the combined signals after OC; (iii): combined signals after 
SOA; (iv): converted DSB signals after 1nm TOF; (v): converted OCS signal after FBG; (vi): 
converted OCS signal after transmission; (vii): the mm-wavesignals before transmission; 
(viii): the mm-wave signals after transmission  
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injected into SOA. Many researchers also investigated what will happen if they inject three 
signals (two of them are pump signals, another is probe signal) into SOA. They found FWM 
can also occur when certain conditions are met [64].  
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an effective way to increase the system stability. In Ref. [6, 35], two pumps are generated 
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external intensity modulator (IM) biased at null point. The continuous wave (CW) light-
wave generated by a DFB array is modulated via a single-arm IM driven by a RF sinusoidal 
wave signal with a repetitive frequency of f based on the OCS modulation scheme to 
generate two subcarriers with wavelength spacing of 2f. The generated two lightwaves, 
which will be used as pump signals, have the same polarization direction, optical power, 
and locked phase. The two converted signals with channel spacing of 4f can be obtained 
after FWM effect in SOA. The two converted signals have the same polarization direction 
and locked phase as well. When the pumps and original signal are removed by optical filters, 
the all-optical up-converted signals carried by 4f optical carrier are achieved. 
Fig. 8 shows the experimental setup for single channel up conversion. In the central office 
(CO), the continuous lightwave generated by the DFB-LD0 at 1550nm is modulated by a 
single-arm LN-MOD biased at vπ and driven by an 10GHz LO to realize OCS. The repetitive 
frequency of the LO optical signal is 20GHz, and the carrier suppression ratio is larger than 
20 dB. The high sidebands are removed by a 50/100 GHz IL, and the optical spectrum is 
shown in Fig. 8 as inset (i). The CW generated by DFB-LD1 at 1543.82 nm is modulated via 
another LN-MOD driven by 2.5-Gb/s pseudorandom binary sequence data with a length of 

312 1− to generate regular OOK non-return-to-zero (NRZ) optical signals. The 2.5 Gbit/s 
optical signals and the 20 GHz OCS pump signals are combined by a 3-dB OC before two 
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Fig. 8. Experimental setup and results for all-optical up-conversion base on four-wave 
mixing in SOA, Cir: optical circulator, TOF: tunable optical filter, EA: electrical amplifier. 
Inset (i): OCS signals after IL; (ii): the combined signals after OC; (iii): combined signals after 
SOA; (iv): converted DSB signals after 1nm TOF; (v): converted OCS signal after FBG; (vi): 
converted OCS signal after transmission; (vii): the mm-wavesignals before transmission; 
(viii): the mm-wave signals after transmission  
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injected by 200 mA, which gives 25 dB gain and 10 dBm saturation optical power. This SOA 
has polarization sensitivity smaller than 0.5 dB. The DSB signals with 40-GHz spaces 
between first order sidebands are created from 2.5-Gbit/s NRZ signals by the FWM effect in 
the SOA. A TOF with 1nm optical bandwidth is used to remove the pump signals while get 
the DSB signals. The carrier suppression signals with 40-GHz space are generated by using 
an optical circulator and a FBG. The FBG has a 3 dB reflection bandwidth of 0.2 nm. The 
optical spectra after FBG are shown in Fig. 8 as inset (v). 
The OCS signals are detected by an optical receiver after transmission over 20-km SMF-28 
before they are amplified by an EDFA. The eye diagrams of the 40-GHz optical mm-wave 
signals before and after 20-km SSMF-28 transmission can be seen in Fig. 8 insets (vii) and 
(viii), respectively. At the base station (BS), the optical signals are detected by an optical 
receiver. A TOF with 0.5 nm bandwidth is used to remove the ASE noise. After the optical 
receiver, the mm-wave signal with the down-link data is detected by an optical–electrical 
(O/E) converter with a 3-dB bandwidth of 40-GHz and amplified by a narrow-band 
electrical amplifier (EA), after these we get a frequency-quadruple of LO optical mm-wave. 
This scheme has excellent advantages such as small size, high-gain, polarization 
insensitivity, and low-frequency bandwidth requirement for RF signal and optical 
components, and high wavelength stability. 2.5 Gbit/s baseband signal has been 
successfully up-converted to 40 GHz carrier in this scheme. The experimental results show 
that the scheme based on dual-pump FWM in a SOA is one of the most promising all-optical 
up-conversions for ROF systems. 
We then propose and experimentally investigate another polarization insensitive all-optical 
up-conversion scheme for ROF system based on FWM in a SOA [65]. In this scheme the 
parallel pump is generated based on optical odd-order sidebands and carrier suppression 
using an external intensity modulator and a cascaded optical filter. Therefore, the two 
pumps are always parallel and phase locked, which makes system polarization insensitive. 
After FWM in a SOA and optical filtering, similar to single sideband (SSB) 40GHz optical 
millimeter-wave is generated only using 10GHz RF as LO.As we know, SSB modulation is a 
good option to overcome fiber dispersion [67], we will improve mm-wave performance in 
this scheme. 
Fig. 9 shows the principle of polarization-insensitive all-optical up-conversion for ROF 
systems based on parallel pump FWM in a SOA. In the central station, an IM and a cascaded 
optical filter are employed to generate quadruple frequency optical mm-wave, in which the 
odd-order sidebands and the optical carrier are suppressed. Obviously the generated two 
second-order sidebands have the parallel polarization direction and phase locked. Then the 
two pumps are combined with the signal lightwave by using an OC. The two converted new 
signals can be obtained after FWM process in the SOA. A TOF is used to suppress the pump 
signal. In this scheme, the optical signal similar to DSB signal is generated, which includes 
two converted signals and original signal after FWM in SOA. However, when one sideband 
is removed by an optical filter or optical interleaver(IL), the remaining signal is SSB-like 
signal, which includes one up-converted sideband and original signals. As we know that 
SSB signal can realize dispersion free long distance transmission. In the base station, the 
optical quadruple repetitive frequency mm-wave will be generated when they are detected 
by O/E converter after transmission.  
Fig.10 shows the experimental setup for all-optical up-conversion in [65]. The lightwave 
generated from the DFB laser at 1543.8nm is modulated by the IM1 driven by a 10GHz 
sinusoidal wave. The IM1 is DC-biased at the top peak output power when the LO signal is  
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Fig. 9. The principle of polarization-insensitive all-optical up-conversion for ROF system 
based on parallel pump FWM in a SOA. FBG: fiber Bragg grating. OC: optical coupler. SOA: 
semiconductor optical amplifier. TOF: tunable optical filter. IL: interleaver. EA: electrical 
amplifier. IM: intensity modulator. SSB: single sideband. DSB: double sideband. PD: 
photodiode.BER: bit error ratio. RX: receive 

removed. 10GHz RF microwave signal with a peak-to-peak voltage of 12V. The half-wave 
voltage of the IM is 6V; by this way, the odd-order modes are suppressed. The optical 
spectrum after IM1 is shown in Fig. 10 as inset (i). We can see that the first-order sidebands 
are suppressed and the frequency spacing between the second-order modes is equal to 
40GHz. The carrier is removed by using a FBG. The output optical spectrum of FBG is 
shown in Fig. 10 as inset (ii). The two second-order sidebands are used as two parallel 
pumps. Because two pumps come from one laser, the pumps always have the same 
polarization direction and phase locked. The CW lightwave from another DFB laser at 
1537.9nm is modulated by the second IM2 driven by 2.5Gbit/s electrical signal with a PRBS 
length of 231 −1 to generate regular NRZ optical signal.  
The 2.5Gbit/s NRZ optical signals and two pump signals are combined by an OC before the 
EDFA. The optical spectra before and after the SOA are shown in Fig. 10 as inset (iii) and (iv), 
respectively. The SOA has 3-dB gain bandwidth of 68-nm, small signal fiber-to-fiber gain of 
28-dB at 1552nm, polarization sensitivity smaller than 1dB, and noise figure of 6-dB at 
1553nm. After the SOA, new up-converted signals are generated due to FWM, which is 
shown in Fig.10 as inset (iv). Then a tunable optical filter (TOF) with a bandwidth of 0.5nm 
is used to suppress the pump signals. The optical spectrum after the TOF is shown in Fig. 10 
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injected by 200 mA, which gives 25 dB gain and 10 dBm saturation optical power. This SOA 
has polarization sensitivity smaller than 0.5 dB. The DSB signals with 40-GHz spaces 
between first order sidebands are created from 2.5-Gbit/s NRZ signals by the FWM effect in 
the SOA. A TOF with 1nm optical bandwidth is used to remove the pump signals while get 
the DSB signals. The carrier suppression signals with 40-GHz space are generated by using 
an optical circulator and a FBG. The FBG has a 3 dB reflection bandwidth of 0.2 nm. The 
optical spectra after FBG are shown in Fig. 8 as inset (v). 
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signals before and after 20-km SSMF-28 transmission can be seen in Fig. 8 insets (vii) and 
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receiver. A TOF with 0.5 nm bandwidth is used to remove the ASE noise. After the optical 
receiver, the mm-wave signal with the down-link data is detected by an optical–electrical 
(O/E) converter with a 3-dB bandwidth of 40-GHz and amplified by a narrow-band 
electrical amplifier (EA), after these we get a frequency-quadruple of LO optical mm-wave. 
This scheme has excellent advantages such as small size, high-gain, polarization 
insensitivity, and low-frequency bandwidth requirement for RF signal and optical 
components, and high wavelength stability. 2.5 Gbit/s baseband signal has been 
successfully up-converted to 40 GHz carrier in this scheme. The experimental results show 
that the scheme based on dual-pump FWM in a SOA is one of the most promising all-optical 
up-conversions for ROF systems. 
We then propose and experimentally investigate another polarization insensitive all-optical 
up-conversion scheme for ROF system based on FWM in a SOA [65]. In this scheme the 
parallel pump is generated based on optical odd-order sidebands and carrier suppression 
using an external intensity modulator and a cascaded optical filter. Therefore, the two 
pumps are always parallel and phase locked, which makes system polarization insensitive. 
After FWM in a SOA and optical filtering, similar to single sideband (SSB) 40GHz optical 
millimeter-wave is generated only using 10GHz RF as LO.As we know, SSB modulation is a 
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second-order sidebands have the parallel polarization direction and phase locked. Then the 
two pumps are combined with the signal lightwave by using an OC. The two converted new 
signals can be obtained after FWM process in the SOA. A TOF is used to suppress the pump 
signal. In this scheme, the optical signal similar to DSB signal is generated, which includes 
two converted signals and original signal after FWM in SOA. However, when one sideband 
is removed by an optical filter or optical interleaver(IL), the remaining signal is SSB-like 
signal, which includes one up-converted sideband and original signals. As we know that 
SSB signal can realize dispersion free long distance transmission. In the base station, the 
optical quadruple repetitive frequency mm-wave will be generated when they are detected 
by O/E converter after transmission.  
Fig.10 shows the experimental setup for all-optical up-conversion in [65]. The lightwave 
generated from the DFB laser at 1543.8nm is modulated by the IM1 driven by a 10GHz 
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Fig. 9. The principle of polarization-insensitive all-optical up-conversion for ROF system 
based on parallel pump FWM in a SOA. FBG: fiber Bragg grating. OC: optical coupler. SOA: 
semiconductor optical amplifier. TOF: tunable optical filter. IL: interleaver. EA: electrical 
amplifier. IM: intensity modulator. SSB: single sideband. DSB: double sideband. PD: 
photodiode.BER: bit error ratio. RX: receive 

removed. 10GHz RF microwave signal with a peak-to-peak voltage of 12V. The half-wave 
voltage of the IM is 6V; by this way, the odd-order modes are suppressed. The optical 
spectrum after IM1 is shown in Fig. 10 as inset (i). We can see that the first-order sidebands 
are suppressed and the frequency spacing between the second-order modes is equal to 
40GHz. The carrier is removed by using a FBG. The output optical spectrum of FBG is 
shown in Fig. 10 as inset (ii). The two second-order sidebands are used as two parallel 
pumps. Because two pumps come from one laser, the pumps always have the same 
polarization direction and phase locked. The CW lightwave from another DFB laser at 
1537.9nm is modulated by the second IM2 driven by 2.5Gbit/s electrical signal with a PRBS 
length of 231 −1 to generate regular NRZ optical signal.  
The 2.5Gbit/s NRZ optical signals and two pump signals are combined by an OC before the 
EDFA. The optical spectra before and after the SOA are shown in Fig. 10 as inset (iii) and (iv), 
respectively. The SOA has 3-dB gain bandwidth of 68-nm, small signal fiber-to-fiber gain of 
28-dB at 1552nm, polarization sensitivity smaller than 1dB, and noise figure of 6-dB at 
1553nm. After the SOA, new up-converted signals are generated due to FWM, which is 
shown in Fig.10 as inset (iv). Then a tunable optical filter (TOF) with a bandwidth of 0.5nm 
is used to suppress the pump signals. The optical spectrum after the TOF is shown in Fig. 10 
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as inset (v). We can see that the converted and original signals are kept. The DSB signals 
with 80GHz frequency spacing between two converted sidebands are generated. In order to 
obtain the SSB signals, a 50/100 optical interleaver is used to remove one sideband. The 
optical spectrum after optical interleaver is shown in Fig. 10 as inset (vi). We can see that 
2.5Gbit/s OOK signals are carried by the SSB-like signals with 40GHz frequency spacing 
between the converted signals and carrier, namely, the optical quadruple frequency mm-
wave carried 2.5GHz signals is obtained. The power delivered to the fiber is 2dBm. After 
transmission over 20km SMF-28, the optical mm-wave is detected by O/E conversion via a 
photo-diode (PD) with a 3-dB bandwidth of 50 GHz. This scheme has some unique 
advantages such as polarization insensitive, high wavelength stability, and low-frequency 
bandwidth requirement for RF signal and optical components. 40GHz optical mm-wave 
SSB-like signal is generated by using 10GHz LO. 
 

 
Fig. 10. Experimental setup and optical spectra for optical signal up-conversion. FBG: fiber 
Bragg grating. OC: optical coupler. SOA: semiconductor optical amplifier. TOF: tunable 
optical filter. EA: electrical amplifier. IM: intensity modulator. SSB: single sideband. DSB: 
double sideband. PD: photo-diode. BER: bit error ratio. EDFA: erbium-doped optical fiber 
amplifier. 

In conclusion, we have obtained the following conclusions: (1) SOA can be used to generate 
high-repetitive mm-wave in ROF system; (2) we can use an IM to generate two pump 
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instead of two independent DFB-LD, they may show good performance due to their phase-
locked; (3) RoF system is polarization insensitive based on above mentioned method. 

5. Conclusion 
This chapter has theoretically and experimentally discussed the AOWC based on FWM 
effect in SOA for OFDM signals. The rules for OFDM signal is the same as that of regular 
OOK signal. We will investigate the FWM effect between the sub-carrier of OFDM signal 
which generate noise in the system in future. The application of SOA in RoF system has 
investigated. We experimentally proposed two polarization insensitive RoF systems. These 
schemes also have excellent advantages such as small size, high-gain, polarization 
insensitivity, and low-frequency bandwidth requirement for RF signal and optical 
components, and high wavelength stability. 
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obtain the SSB signals, a 50/100 optical interleaver is used to remove one sideband. The 
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2.5Gbit/s OOK signals are carried by the SSB-like signals with 40GHz frequency spacing 
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wave carried 2.5GHz signals is obtained. The power delivered to the fiber is 2dBm. After 
transmission over 20km SMF-28, the optical mm-wave is detected by O/E conversion via a 
photo-diode (PD) with a 3-dB bandwidth of 50 GHz. This scheme has some unique 
advantages such as polarization insensitive, high wavelength stability, and low-frequency 
bandwidth requirement for RF signal and optical components. 40GHz optical mm-wave 
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Fig. 10. Experimental setup and optical spectra for optical signal up-conversion. FBG: fiber 
Bragg grating. OC: optical coupler. SOA: semiconductor optical amplifier. TOF: tunable 
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locked; (3) RoF system is polarization insensitive based on above mentioned method. 

5. Conclusion 
This chapter has theoretically and experimentally discussed the AOWC based on FWM 
effect in SOA for OFDM signals. The rules for OFDM signal is the same as that of regular 
OOK signal. We will investigate the FWM effect between the sub-carrier of OFDM signal 
which generate noise in the system in future. The application of SOA in RoF system has 
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1. Introduction  
Four-wave mixing (FWM) in semiconductor optical amplifiers (SOAs) have attracted much 
attention especially for applications involving fast wavelength conversion and optical 
demultiplexing (Mecozzi et al., 1995; Mecozzi & Mφrk, 1997; Das et al., 2000). The optimisation 
of the time delay between the input pump and probe pulses is crucial for maximising the 
FWM conversion efficiency and reducing the timing jitter (Inoue & Kawaguchi, 1998b; Das et 
al., 2005).  The FWM conversion efficiency is mainly limited by the gain saturation of the SOA, 
which is strongly dependent on the pulse duration, repetition rate of the input pulses, and 
time delay between pump and probe pulses. Therefore, it is important to analyse theoretically 
and investigate experimentally the dependence of the FWM conversion efficiency on the time 
delay between the input pump and probe pulses in SOAs.  The impact of the time-delay 
between sub-picosecond optical pump and probe pulses on the FWM conversion efficiency in 
SOAs was experimentally observed for the first time and reported by Inoue and Kawaguchi 
(Inoue & Kawaguchi, 1998b). A preliminary theoretical analysis for evaluating the FWM 
conversion efficiency of SOAs was reported by Das et al. (Das et al., 2005).  
The optimization of the time delay between the optical pump and probe pulses is very 
important in order to achieve a high FWM conversion efficiency and minimize the timing 
jitter (Inoue & Kawaguchi, 1998b; Das et al., 2005).  Shtaif et al., (Shtaif & Eisenstein, 1995; 
Shtaif et al., 1995) have investigated analytically and experimentally the dependence of  the 
FWM conversion efficiency for short optical pulses in SOA. They measured the FWM 
conversion efficiency for short optical pulses in the order of 10 ps and suggested that the 
high FWM conversion efficiency can be obtained when short optical pulses are used. The 
FWM characteristics for subpicosecond time-delays between the input optical pulses in 
SOAs have been reported. However, no theoretical analysis (Inoue & Kawaguchi, 1998b) 
was reported. Therefore, it is very important to analyze theoretically and measure 
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experimentally the FWM conversion efficiency in SOAs for subpicosecond optical pulses 
and optimize the time-delay between the input pump and probe pulses.  
In this Chapter, we present a comprehensive analysis based on the finite-difference beam 
propagation method (FD-BPM) for evaluating the FWM conversion efficiency in SOAs and 
discuss the experimental results reported on the optimisation of the time delay between 
pump and probe pulses to maximize the FWM conversion efficiency. This comprehensive 
analysis is crucial not only for attaining high FWM conversion efficiency but also for 
characterizing the timing jitter.  Simulation results demonstrate that, for short optical pulses, 
the time delay between the pump and probe pulses at the input of the SOA can be 
optimized to maximize the FWM conversion efficiency. Excellent agreement between the 
simulation and experimental results is achieved, demonstrating a high FWM conversion 
efficiency in SOAs when the time delay between the input pump and probe pulses is 
optimized.  
The FD-BPM can obtain the FWM characteristics for different propagation scenarios using a 
modified nonlinear Schrödinger equation (MNLSE) (Hong et al., 1996 & Das et al., 2000), 
simply by changing only the combination of input optical pulses.  These scenarios are: (1) 
single pulse propagation (Das et al., 2008), (2) two input pulses (Das et al., 2000), (3) 
multiplexing of several input pulses (Das et al., 2001), (4) two input pulses with phase-
conjugation (Das et al., 2001), and (5) two input pulses with optimum time-delay between 
them (Das et al., 2007).  
The analyses are based on the MNLSE considering the group velocity dispersion (GVD), 
self-phase modulation, and two-photon absorption, with the dependencies on the carrier 
depletion, carrier heating, spectral-hole burning and their dispersions, including the 
recovery times in SOAs (Hong et al., 1996). The simulation results show that the FWM 
conversion efficiency increases with the optimum time-delay between the input pump and 
probe pulses and are in excellent agreement with the experiment results.  

2. Theoretical model 
In this section, we briefly discuss the nonlinear effects in SOAs, the formulation of modified 
nonlinear Schrödinger equation (MNLSE), and the finite-difference beam propagation 
method (FD-BPM) used in the simulation, the nonlinear propagation characteristics of 
solitary pulses, the FWM characteristics in SOAs, and the FWM characteristics for various 
time-delays between the input pump and pulses.  

2.1 Nonlinear effects in SOAs 
There are different types of “nonlinear effects” in SOAs.  Among them, four types of important 
optical “nonlinear effects” are explained. These are (i) spectral hole-burning (SHB), (ii) carrier 
heating (CH), (iii) carrier depletion (CD), and (iv) two-photon absorption (TPA).  
Figure 1 shows the time-development of the population density in the conduction band after 
excitation.  The arrow (pump) shown in Fig. 1 is the excitation laser energy. Below 100 fs, the 
SHB effect is dominant. SHB occurs when a narrow-band strong pump beam excites the 
SOA, which has an inhomogeneous broadening.  SHB arises due to the finite value of 
intraband carrier-carrier scattering time (~ 50 – 100 fs), which sets the time scale on which a 
quasi-equilibrium Fermi distribution is established among the carriers in a band. After 
about 1 ps, the SHB effect is relaxed and the CH effect becomes dominant. The process tends 
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Fig. 1. Nonlinear effects in SOAs.  The main effects are: (i) spectral hole-burning (SHB) with 
a life time of < 100 fs, (ii) carrier heating (CH) with a life time of ~ 1 ps, (iii) carrier depletion 
(CD) with a life time is ~ 1 ns, and (iv) two-photon absorption (TPA).   

to increase the temperature of the carriers beyond the lattice’s temperature. The main causes 
of heating the carriers are (1) the stimulated emission, since it involves the removal of “cold” 
carriers close to the band edge, and (2) the free-carrier absorption, which transfers carriers to 
high energies within the bands. The “hot”-carriers relax to the lattice temperature through 
the emission of optical phonons with a relaxation time of ~ 0.5 – 1 ps. The effect of carrier 
depletion (CD) remains for about 1 ns.  The stimulated electron-hole recombination depletes 
the carriers, thus reducing the optical gain.  The band to band relaxation also causes carrier 
depletion, with a relaxation time ~ 0.2 – 1 ns. For ultrashort optical pumping, the two-
photon absorption (TPA) effect also becomes important. An atom makes a transition from its 
ground state to the excited state by the simultaneous absorption of two laser photons.  All 
these mechanisms (effects) are taken into account in the simulation and the formulation of 
modified nonlinear Schrödinger equation (MNLSE).  

2.2 Formulation of Modified Nonlinear Schrödinger Equation (MNLSE) 
In this subsection, we will briefly explain the theoretical analysis of short optical pulses 
propagation in SOAs. Starting from Maxwell’s equations (Agrawal, 1989; Yariv, 1991; 
Sauter, 1996), we reach the propagation equation of short optical pulses in SOAs which are 
governed by the wave equation (Agrawal & Olsson, 1989) in the frequency domain:  

 2 2
2( , , , ) ( , , , ) 0rE x y z E x y z

c
εω ωω+ =∇  (1) 

where, ( , , , )E x y z ω  is the electromagnetic field of the pulse in the frequency domain, c is the 
velocity of light in vacuum and rε  is the nonlinear dielectric constant which is dependent 
on the electric field in a complex form.  By slowly varying the envelope approximation and 
integrating the transverse dimensions we arrive at the pulse propagation equation in SOAs 
(Agrawal & Olsson, 1989; Dienes et al., 1996).  

 0
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experimentally the FWM conversion efficiency in SOAs for subpicosecond optical pulses 
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simply by changing only the combination of input optical pulses.  These scenarios are: (1) 
single pulse propagation (Das et al., 2008), (2) two input pulses (Das et al., 2000), (3) 
multiplexing of several input pulses (Das et al., 2001), (4) two input pulses with phase-
conjugation (Das et al., 2001), and (5) two input pulses with optimum time-delay between 
them (Das et al., 2007).  
The analyses are based on the MNLSE considering the group velocity dispersion (GVD), 
self-phase modulation, and two-photon absorption, with the dependencies on the carrier 
depletion, carrier heating, spectral-hole burning and their dispersions, including the 
recovery times in SOAs (Hong et al., 1996). The simulation results show that the FWM 
conversion efficiency increases with the optimum time-delay between the input pump and 
probe pulses and are in excellent agreement with the experiment results.  

2. Theoretical model 
In this section, we briefly discuss the nonlinear effects in SOAs, the formulation of modified 
nonlinear Schrödinger equation (MNLSE), and the finite-difference beam propagation 
method (FD-BPM) used in the simulation, the nonlinear propagation characteristics of 
solitary pulses, the FWM characteristics in SOAs, and the FWM characteristics for various 
time-delays between the input pump and pulses.  

2.1 Nonlinear effects in SOAs 
There are different types of “nonlinear effects” in SOAs.  Among them, four types of important 
optical “nonlinear effects” are explained. These are (i) spectral hole-burning (SHB), (ii) carrier 
heating (CH), (iii) carrier depletion (CD), and (iv) two-photon absorption (TPA).  
Figure 1 shows the time-development of the population density in the conduction band after 
excitation.  The arrow (pump) shown in Fig. 1 is the excitation laser energy. Below 100 fs, the 
SHB effect is dominant. SHB occurs when a narrow-band strong pump beam excites the 
SOA, which has an inhomogeneous broadening.  SHB arises due to the finite value of 
intraband carrier-carrier scattering time (~ 50 – 100 fs), which sets the time scale on which a 
quasi-equilibrium Fermi distribution is established among the carriers in a band. After 
about 1 ps, the SHB effect is relaxed and the CH effect becomes dominant. The process tends 
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Fig. 1. Nonlinear effects in SOAs.  The main effects are: (i) spectral hole-burning (SHB) with 
a life time of < 100 fs, (ii) carrier heating (CH) with a life time of ~ 1 ps, (iii) carrier depletion 
(CD) with a life time is ~ 1 ns, and (iv) two-photon absorption (TPA).   

to increase the temperature of the carriers beyond the lattice’s temperature. The main causes 
of heating the carriers are (1) the stimulated emission, since it involves the removal of “cold” 
carriers close to the band edge, and (2) the free-carrier absorption, which transfers carriers to 
high energies within the bands. The “hot”-carriers relax to the lattice temperature through 
the emission of optical phonons with a relaxation time of ~ 0.5 – 1 ps. The effect of carrier 
depletion (CD) remains for about 1 ns.  The stimulated electron-hole recombination depletes 
the carriers, thus reducing the optical gain.  The band to band relaxation also causes carrier 
depletion, with a relaxation time ~ 0.2 – 1 ns. For ultrashort optical pumping, the two-
photon absorption (TPA) effect also becomes important. An atom makes a transition from its 
ground state to the excited state by the simultaneous absorption of two laser photons.  All 
these mechanisms (effects) are taken into account in the simulation and the formulation of 
modified nonlinear Schrödinger equation (MNLSE).  

2.2 Formulation of Modified Nonlinear Schrödinger Equation (MNLSE) 
In this subsection, we will briefly explain the theoretical analysis of short optical pulses 
propagation in SOAs. Starting from Maxwell’s equations (Agrawal, 1989; Yariv, 1991; 
Sauter, 1996), we reach the propagation equation of short optical pulses in SOAs which are 
governed by the wave equation (Agrawal & Olsson, 1989) in the frequency domain:  

 2 2
2( , , , ) ( , , , ) 0rE x y z E x y z

c
εω ωω+ =∇  (1) 

where, ( , , , )E x y z ω  is the electromagnetic field of the pulse in the frequency domain, c is the 
velocity of light in vacuum and rε  is the nonlinear dielectric constant which is dependent 
on the electric field in a complex form.  By slowly varying the envelope approximation and 
integrating the transverse dimensions we arrive at the pulse propagation equation in SOAs 
(Agrawal & Olsson, 1989; Dienes et al., 1996).  
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where, ( , )V zω  is the Fourier-transform of ( , )V t z  representing pulse envelope, ( )mχ ω  is the 
background (mode and material) susceptibility, ( )χ ω  is the complex susceptibility which 
represents the contribution of the active medium, N is the effective population density, β0 is 
the propagation constant.  The quantity Γ represents the overlap/ confinement factor of the 
transverse field distribution of the signal with the active region as defined in (Agrawal & 
Olsson, 1989).  
Using mathematical manipulations (Sauter, 1996; Dienes et al., 1996), including the real part 
of the instantaneous nonlinear Kerr effect as a single nonlinear index n2 and by adding the 
two-photon absorption (TPA) term we obtain the MNLSE for the phenomenological model 
of semiconductor laser and amplifiers (Hong et al., 1996).  The following MNLSE (Hong et 
al., 1996; Das et al., 2000) is used for the simulation of FWM characteristics with optimum 
time-delays between pulses in SOAs: 
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We introduce the frame of local time τ (=t - z/vg), which propagates with a group velocity vg 
at the center frequency of an optical pulse. A slowly varying envelope approximation is 
used in (3), where the temporal variation of the complex envelope function is very slow 
compared with the cycle of the optical field. In (3), ( , )V zτ  is the time domain complex 
envelope function of an optical pulse, 2( , )V zτ  corresponding to the optical power, and β2 is 
the GVD.  γ  is the linear loss, γ2p is the two-photon absorption coefficient, b2 (= ω0n2/cA) is 
the instantaneous self-phase modulation term due to the instantaneous nonlinear Kerr effect 
n2, ω0 (= 2πf0) is the center angular frequency of the pulse, c is the velocity of light in 
vacuum, A (= wd/Γ) is the effective area (d and w are the thickness and width of the active 
region, respectively, and Γ is the confinement factor) of the active region.  
The saturation of the gain due to the carrier depletion is given by (Hong et al., 1996) 
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where, gN(τ) is the saturated gain due to carrier depletion, g0 is the linear gain, Ws is the 
saturation energy, τs is the carrier lifetime.  
The spectral hole-burning (SHB) function f(τ) is given by (Hong et al., 1996) 
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−∞
= + −∫  (5) 

 

where, f(τ) is the SHB function, Pshb is the spectral hole-burning saturation power, τshb is the 
spectral hole-burning relaxation time, and αN and αT are the linewidth enhancement factor 
associated with the gain changes due to the carrier depletion and carrier heating.  
The resulting gain change due to the CH and TPA is given by (Hong et al., 1996) 

Impact of Pump-Probe Time Delay on the Four Wave Mixing  
Conversion Efficiency in Semiconductor Optical Amplifiers   

 

133 

 
2/ /

1

4/ /
2

( ) ( ) (1 ) ( )

( ) (1 ) ( )

ch shb

ch shb

s s
T

s s

g h u s e e V s ds

h u s e e V s ds

τ τ

τ τ

τ τ

τ

+∞ − −

−∞

+∞ − −

−∞

Δ = − − −

− − −

∫
∫

 (6) 

where, ΔgT(τ) is the resulting gain change due to the CH and TPA, u(s) is the unit step 
function, τch is the carrier heating relaxation time, h1 is the contribution of stimulated 
emission and free-carrier absorption to the carrier heating gain reduction and h2 is the 
contribution of two-photon absorption.  
The dynamically varying slope and curvature of the gain plays a shaping role for pulses in 
the sub-picosecond range.  The first and second order differential net (saturated) gain terms 
are (Hong et al., 1996), 
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where, A1 and A2 are the slope and curvature of the linear gain at ω0, respectively, while B1 
and B2 are constants describing changes in A1 and A2 with saturation, as given in (7) and (8).   
The gain spectrum of an SOA is approximated by the following second-order Taylor 
expansion in Δω:  
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Here we assumed the same values of A1, B1, A2 and B2 as in (Hong et al., 1996) for an 
AlGaAs/GaAs bulk SOA.  
The time derivative terms in (3) have been replaced by the central-difference approximation 
in order to simulate this equation by the FD-BPM (Das et al., 2000).  In simulation, the 
parameter of bulk SOAs (AlGaAs/GaAs, double heterostructure) with a wavelength of 0.86 
μm (Hong et al., 1996) is used and the SOA length is 350 μm.  The input pulse shape is sech2 
and is Fourier transform-limited.  
The gain spectra of SOAs are important for obtaining the propagation and wave mixing 
(FWM and FWM with time-delay between the input pump and probe pulses) characteristics 
of short optical pulses. Figure 2 shows the gain spectra given by a second-order Taylor 
expansion about the pulse center frequency with derivatives of g(τ, ω) by (7) and (8). The 
solid line shows the unsaturated gain spectrum having g0 (=g(τ, ω)) of 92 cm-1 at ω0. The 
dotted line is a saturated gain spectrum having g0/2 (= 46 cm-1) at ω0, and the dashed-dotted 
line is a strongly saturated gain spectrum having g(τ, ω) of 0 cm-1 at ω0. The pump frequency 
ω0 is set to near the gain peak, and the linear gain g0 is 92 cm-1 at ω0.  
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where, ( , )V zω  is the Fourier-transform of ( , )V t z  representing pulse envelope, ( )mχ ω  is the 
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represents the contribution of the active medium, N is the effective population density, β0 is 
the propagation constant.  The quantity Γ represents the overlap/ confinement factor of the 
transverse field distribution of the signal with the active region as defined in (Agrawal & 
Olsson, 1989).  
Using mathematical manipulations (Sauter, 1996; Dienes et al., 1996), including the real part 
of the instantaneous nonlinear Kerr effect as a single nonlinear index n2 and by adding the 
two-photon absorption (TPA) term we obtain the MNLSE for the phenomenological model 
of semiconductor laser and amplifiers (Hong et al., 1996).  The following MNLSE (Hong et 
al., 1996; Das et al., 2000) is used for the simulation of FWM characteristics with optimum 
time-delays between pulses in SOAs: 
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We introduce the frame of local time τ (=t - z/vg), which propagates with a group velocity vg 
at the center frequency of an optical pulse. A slowly varying envelope approximation is 
used in (3), where the temporal variation of the complex envelope function is very slow 
compared with the cycle of the optical field. In (3), ( , )V zτ  is the time domain complex 
envelope function of an optical pulse, 2( , )V zτ  corresponding to the optical power, and β2 is 
the GVD.  γ  is the linear loss, γ2p is the two-photon absorption coefficient, b2 (= ω0n2/cA) is 
the instantaneous self-phase modulation term due to the instantaneous nonlinear Kerr effect 
n2, ω0 (= 2πf0) is the center angular frequency of the pulse, c is the velocity of light in 
vacuum, A (= wd/Γ) is the effective area (d and w are the thickness and width of the active 
region, respectively, and Γ is the confinement factor) of the active region.  
The saturation of the gain due to the carrier depletion is given by (Hong et al., 1996) 
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where, gN(τ) is the saturated gain due to carrier depletion, g0 is the linear gain, Ws is the 
saturation energy, τs is the carrier lifetime.  
The spectral hole-burning (SHB) function f(τ) is given by (Hong et al., 1996) 

 2/1( ) 1 ( ) ( )shbs

shb shb

f u s e V s ds
P

ττ τ
τ

+∞ −

−∞
= + −∫  (5) 

 

where, f(τ) is the SHB function, Pshb is the spectral hole-burning saturation power, τshb is the 
spectral hole-burning relaxation time, and αN and αT are the linewidth enhancement factor 
associated with the gain changes due to the carrier depletion and carrier heating.  
The resulting gain change due to the CH and TPA is given by (Hong et al., 1996) 
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where, ΔgT(τ) is the resulting gain change due to the CH and TPA, u(s) is the unit step 
function, τch is the carrier heating relaxation time, h1 is the contribution of stimulated 
emission and free-carrier absorption to the carrier heating gain reduction and h2 is the 
contribution of two-photon absorption.  
The dynamically varying slope and curvature of the gain plays a shaping role for pulses in 
the sub-picosecond range.  The first and second order differential net (saturated) gain terms 
are (Hong et al., 1996), 
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where, A1 and A2 are the slope and curvature of the linear gain at ω0, respectively, while B1 
and B2 are constants describing changes in A1 and A2 with saturation, as given in (7) and (8).   
The gain spectrum of an SOA is approximated by the following second-order Taylor 
expansion in Δω:  
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Here we assumed the same values of A1, B1, A2 and B2 as in (Hong et al., 1996) for an 
AlGaAs/GaAs bulk SOA.  
The time derivative terms in (3) have been replaced by the central-difference approximation 
in order to simulate this equation by the FD-BPM (Das et al., 2000).  In simulation, the 
parameter of bulk SOAs (AlGaAs/GaAs, double heterostructure) with a wavelength of 0.86 
μm (Hong et al., 1996) is used and the SOA length is 350 μm.  The input pulse shape is sech2 
and is Fourier transform-limited.  
The gain spectra of SOAs are important for obtaining the propagation and wave mixing 
(FWM and FWM with time-delay between the input pump and probe pulses) characteristics 
of short optical pulses. Figure 2 shows the gain spectra given by a second-order Taylor 
expansion about the pulse center frequency with derivatives of g(τ, ω) by (7) and (8). The 
solid line shows the unsaturated gain spectrum having g0 (=g(τ, ω)) of 92 cm-1 at ω0. The 
dotted line is a saturated gain spectrum having g0/2 (= 46 cm-1) at ω0, and the dashed-dotted 
line is a strongly saturated gain spectrum having g(τ, ω) of 0 cm-1 at ω0. The pump frequency 
ω0 is set to near the gain peak, and the linear gain g0 is 92 cm-1 at ω0.  
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Fig. 2. The gain spectra given by the second-order Taylor expansion about the pulse center 
frequency, with the derivatives of g(τ,ω) by (7) and (8).  The upper curve is linear gain,  
g0 = 92 cm-1, middle curve is half-saturated gain, g0/2 = 46 cm-1, and lower curve is fully 
saturated gain, g0  = 0.   
The gain bandwidth is about the same as the measured value for an AlGaAs/GaAs bulk 
SOA (Seki et al., 1981). If an InGaAsP/InP bulk SOA is used we can expect much wider gain 
bandwidth (Leuthold et al., 2000).  With a decrease in the carrier density, the gain decreases 
and the peak position is shifted to a lower frequency because of the band-filling effect.  
This MNLSE was initially used by (Hong et al., 1996) for the analysis of a “solitary pulse” 
propagation in an SOA. We used the same MNLSE for the simulation of FWM in an SOA 
using the FD-BPM. We have introduced a complex envelope function V (τ, 0) at the input 
side of the SOA for taking into account the two (pump and probe) pulses.  

2.3 Finite-Difference Beam Propagation Method (FD-BPM)  
To solve a boundary value problem by the finite-differences method, every derivative 
appearing in the equation, as well as in the boundary conditions, is replaced by the central 
differences approximation. Central differences are usually preferred because they lead to 
greater accuracy (Conte & Boor, 1980).  In our simulations, we used the finite-differences 
(central differences) to solve the MNLSE for this research work.  
Usually, the fast Fourier transformation beam propagation method (FFT-BPM) (Okamoto, 
1992; Brigham, 1988) is used for the analysis of the optical pulse propagation in optical fibers 
by the successive iterations of the Fourier transformation and the inverse Fourier 
transformation. In the FFT-BPM, the linear propagation term (GVD term) and phase 
compensation terms (other than GVD, 1st and 2nd order gain spectrum terms) are separated 
in the nonlinear Schrödinger equation for the individual consideration of the time and 
frequency domain for the optical pulse propagation.  However, in our model, equation (3) 
includes the dynamic gain change terms, i.e., the 1st and 2nd order gain spectrum terms 
which are the last two terms of the right-side in equation (3).  Therefore, it is not possible to 
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separate equation (3) into the linear propagation term and phase compensation term and it 
is quite difficult to calculate equation (3) using the FFT-BPM.  For this reason, we used the 
FD-BPM (Chung & Dagli, 1990; Conte & Boor, 1980).  If we replace the time derivative terms 
of equation (3) by the below central-difference approximation, equation (11), and integrate 
equation (3) with the small propagation step Δz, we obtain the tridiagonal simultaneous 
matrix equation (12) 
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where, τΔ  is the sampling time and n  is the number of sampling.  If we know ( )kV z , 
( 1, 2, 3, ..........,k n= ) at the position z , we can calculate ( )kV z z+ Δ  at the position of z z+ Δ  
which is the propagation of a step zΔ  from position z , by using equation (12).  It is not 
possible to directly calculate equation (12) because it is necessary to calculate the left-side 
terms ( )ka z z+ Δ , ( )kb z z+ Δ , and ( )kc z z+ Δ  of equation (12) from the unknown ( )kV z z+ Δ .  
Therefore, we initially defined ( ) ( )k ka z z a z+ Δ ≡ , ( ) ( )k kb z z b z+ Δ ≡ , and ( ) ( )k kc z z c z+ Δ ≡  and 
obtained (0)( )kV z z+ Δ , as the zeroth order approximation of ( )kV z z+ Δ  by using equation 
(12).  We then substituted (0)( )kV z z+ Δ  in equation (12) and obtained (1)( )kV z z+ Δ  as the first 
order approximation of ( )kV z z+ Δ  and finally obtained the accurate simulation results by 
the iteration as used in (Brigham, 1988; Chung & Dagli, 1990).  
Figure 3 shows the schematic diagram of the FD-BPM in time domain scale. Here, 

( / )gt z vτ = −  is the local time, which propagates with the group velocity gv  at the center 
frequency of an optical pulse and Δτ is the sampling time.  z is the propagation direction and 
Δz is the propagation step. With this procedure, we used up to 3-rd time iteration for more 
accuracy of the simulations. 
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Fig. 2. The gain spectra given by the second-order Taylor expansion about the pulse center 
frequency, with the derivatives of g(τ,ω) by (7) and (8).  The upper curve is linear gain,  
g0 = 92 cm-1, middle curve is half-saturated gain, g0/2 = 46 cm-1, and lower curve is fully 
saturated gain, g0  = 0.   
The gain bandwidth is about the same as the measured value for an AlGaAs/GaAs bulk 
SOA (Seki et al., 1981). If an InGaAsP/InP bulk SOA is used we can expect much wider gain 
bandwidth (Leuthold et al., 2000).  With a decrease in the carrier density, the gain decreases 
and the peak position is shifted to a lower frequency because of the band-filling effect.  
This MNLSE was initially used by (Hong et al., 1996) for the analysis of a “solitary pulse” 
propagation in an SOA. We used the same MNLSE for the simulation of FWM in an SOA 
using the FD-BPM. We have introduced a complex envelope function V (τ, 0) at the input 
side of the SOA for taking into account the two (pump and probe) pulses.  

2.3 Finite-Difference Beam Propagation Method (FD-BPM)  
To solve a boundary value problem by the finite-differences method, every derivative 
appearing in the equation, as well as in the boundary conditions, is replaced by the central 
differences approximation. Central differences are usually preferred because they lead to 
greater accuracy (Conte & Boor, 1980).  In our simulations, we used the finite-differences 
(central differences) to solve the MNLSE for this research work.  
Usually, the fast Fourier transformation beam propagation method (FFT-BPM) (Okamoto, 
1992; Brigham, 1988) is used for the analysis of the optical pulse propagation in optical fibers 
by the successive iterations of the Fourier transformation and the inverse Fourier 
transformation. In the FFT-BPM, the linear propagation term (GVD term) and phase 
compensation terms (other than GVD, 1st and 2nd order gain spectrum terms) are separated 
in the nonlinear Schrödinger equation for the individual consideration of the time and 
frequency domain for the optical pulse propagation.  However, in our model, equation (3) 
includes the dynamic gain change terms, i.e., the 1st and 2nd order gain spectrum terms 
which are the last two terms of the right-side in equation (3).  Therefore, it is not possible to 
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separate equation (3) into the linear propagation term and phase compensation term and it 
is quite difficult to calculate equation (3) using the FFT-BPM.  For this reason, we used the 
FD-BPM (Chung & Dagli, 1990; Conte & Boor, 1980).  If we replace the time derivative terms 
of equation (3) by the below central-difference approximation, equation (11), and integrate 
equation (3) with the small propagation step Δz, we obtain the tridiagonal simultaneous 
matrix equation (12) 
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where, τΔ  is the sampling time and n  is the number of sampling.  If we know ( )kV z , 
( 1, 2, 3, ..........,k n= ) at the position z , we can calculate ( )kV z z+ Δ  at the position of z z+ Δ  
which is the propagation of a step zΔ  from position z , by using equation (12).  It is not 
possible to directly calculate equation (12) because it is necessary to calculate the left-side 
terms ( )ka z z+ Δ , ( )kb z z+ Δ , and ( )kc z z+ Δ  of equation (12) from the unknown ( )kV z z+ Δ .  
Therefore, we initially defined ( ) ( )k ka z z a z+ Δ ≡ , ( ) ( )k kb z z b z+ Δ ≡ , and ( ) ( )k kc z z c z+ Δ ≡  and 
obtained (0)( )kV z z+ Δ , as the zeroth order approximation of ( )kV z z+ Δ  by using equation 
(12).  We then substituted (0)( )kV z z+ Δ  in equation (12) and obtained (1)( )kV z z+ Δ  as the first 
order approximation of ( )kV z z+ Δ  and finally obtained the accurate simulation results by 
the iteration as used in (Brigham, 1988; Chung & Dagli, 1990).  
Figure 3 shows the schematic diagram of the FD-BPM in time domain scale. Here, 

( / )gt z vτ = −  is the local time, which propagates with the group velocity gv  at the center 
frequency of an optical pulse and Δτ is the sampling time.  z is the propagation direction and 
Δz is the propagation step. With this procedure, we used up to 3-rd time iteration for more 
accuracy of the simulations. 
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Fig. 3. Schematic diagram of FD-BPM in time domain.  ( / )gt z vτ = −  is the local time, which 
propagates with the group velocity gv  at the center frequency of an optical pulse and Δτ is 
the sampling time, and  z  is the propagation direction and Δz is the propagation step.  
 

The FD-BPM (Conte & Boor, 1980; Chung & Dagli, 1990) is used for the simulation of several 
important charactreristics, namely, (1) single pulse propagation in SOAs (Das et al., 2008; 
Razaghi et al., 2009a & 2009b), (2) two input pulses propagating in SOAs (Das et al., 2000; ; 
Connelly et al., 2008), (3) multiplexing of several input pulses using FWM (Das et al., 2001), 
(4) two input pulses with phase-conjugation propagating along SOAs (Das et al., 2001), and 
(5) two propagating input pulses with time-delay between them being optimized (Das et al., 
2007).  

2.4 Optical pulse propagation in SOAs 
Optical pulse propagation in SOAs has drawn considerable attention due to its potential 
applications in optical communication systems, such as a wavelength converter based on 
FWM and switching. The advantages of using SOAs include the amplification of small 
(weak) optical pulses and the realization of high efficient FWM.  
We analyzed the optical pulse propagation in SOAs using the FD-BPM in conjunction with 
the MNLSE, where several parameters are taken into account, namely, the group velocity 
dispersion, self-phase modulation (SPM), and two-photon absorption (TPA), as well as the 
dependencies on the carrier depletion, carrier heating (CH), spectral-hole burning (SHB) and 
their dispersions, including the recovery times in an SOA (Hong et al., 1996).  We also 
considered the gain spectrum (as shown in Fig. 1).  The gain in an SOA was dynamically 
changed depending on values used for the carrier density and carrier temperature in the 
propagation equation (i.e., MNLSE).  
Initially, (Hong et al., 1996) used the MNLSE for the simulation of optical pulse propagation 
in an SOA by FFT-BPM (Okamoto, 1992; Brigham, 1988) but the dynamic gain terms were 

Impact of Pump-Probe Time Delay on the Four Wave Mixing  
Conversion Efficiency in Semiconductor Optical Amplifiers   

 

137 

changing with time. The FD-BPM enables the simulation of optical pulse propagation taking 
into consideration the dynamic gain terms in SOAs (Das et al., 2007; Razaghi et al., 2009a & 
2009b; Aghajanpour et al., 2009). We used the modified MNLSE for optical pulse 
propagation in SOAs by the FD-BPM (Chung & Dagli, 1990; Conte & Boor, 1980).  We used 
the FD-BPM for the simulation of FWM characteristics when input pump and probe pulses, 
which are delayed with respect to one another, propagate in SOAs.  
 

SOA
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|V(τ, 0)|2

0 τ

Input Pulse

|V(τ, z)|2

0
. τ

Output Pulse

 
Fig. 4. Schematic diagram for the simulation of nonlinear propagation of single pulse‘s in 
SOA.  Here, 2( ,0)V τ  and 2( , )V zτ  are the intensity of input (z = 0) and output (after 
propagating a distance z) pulses of SOA.  
 

Figure 4 illustrates the simulation model for nonlinear propagation characteristics of a single 
pulse in an SOA.  An optical pulse is injected into the input side of the SOA (z = 0).  Here, τ  
is the local time, 2( ,0)V τ  is the intensity (power) of input pulse at the input side of SOA (z 
= 0) and 2( , )V zτ  is the intensity (power) of the output pulse at the output side of SOA after 
propagating a distance z.  We also used this model to simulate FWM characteristics of SOAs 
for multi-pulse propagation.  
Figure 5 shows the simulation results for single optical pulse propagation in an SOA.  Figure 
5(a) shows the temporal response of the propagated pulse for different output energy levels.  
In this simulation, the SOA length was 500 μm (other parameters are listed in Table 1) and 
the input pulse width was 1 ps.  By increasing the input pulse energy, the output pulse 
energy increased until it saturated the gain of the SOA.  The shift in pulse peak positions 
towards the leading edge (negative time) is mainly due to the gain saturation of the SOA 
(Kawaguchi et al., 1999), because the gain experienced by the pulses is higher at the leading 
edge than at the trailing edge.  Figure 5(b) shows the spectral characteristics of the 
propagating pulse at the output of the SOA for different output energy levels.  These 
spectral characteristics were obtained by evaluating the fast Fourier transform (FFT) of the 
temporal pulse shapes shown in Figure 5(a).  In Fig. 5(b) we also notice that by increasing 
the input pulse energy, the output pulse energy increases until the SOA is driven into 
saturation.  The dips observed at the higher frequency side of the frequency spectra are due 
to the self-phase modulation characteristics of the SOA (Kawaguchi et al., 1999).  Also 
noticed that the output frequency spectra are red-shifted (the spectral peak positions are 
slightly shifted to the lower frequency side of the frequency spectra), and this is also 
attributed to the gain saturation of the SOA (Kawaguchi et al., 1999).  The simulation results 
are in excellent agreement with the experimental results reported by Kawaguchi et al. 
(Kawaguchi et al., 1999).  
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Fig. 3. Schematic diagram of FD-BPM in time domain.  ( / )gt z vτ = −  is the local time, which 
propagates with the group velocity gv  at the center frequency of an optical pulse and Δτ is 
the sampling time, and  z  is the propagation direction and Δz is the propagation step.  
 

The FD-BPM (Conte & Boor, 1980; Chung & Dagli, 1990) is used for the simulation of several 
important charactreristics, namely, (1) single pulse propagation in SOAs (Das et al., 2008; 
Razaghi et al., 2009a & 2009b), (2) two input pulses propagating in SOAs (Das et al., 2000; ; 
Connelly et al., 2008), (3) multiplexing of several input pulses using FWM (Das et al., 2001), 
(4) two input pulses with phase-conjugation propagating along SOAs (Das et al., 2001), and 
(5) two propagating input pulses with time-delay between them being optimized (Das et al., 
2007).  

2.4 Optical pulse propagation in SOAs 
Optical pulse propagation in SOAs has drawn considerable attention due to its potential 
applications in optical communication systems, such as a wavelength converter based on 
FWM and switching. The advantages of using SOAs include the amplification of small 
(weak) optical pulses and the realization of high efficient FWM.  
We analyzed the optical pulse propagation in SOAs using the FD-BPM in conjunction with 
the MNLSE, where several parameters are taken into account, namely, the group velocity 
dispersion, self-phase modulation (SPM), and two-photon absorption (TPA), as well as the 
dependencies on the carrier depletion, carrier heating (CH), spectral-hole burning (SHB) and 
their dispersions, including the recovery times in an SOA (Hong et al., 1996).  We also 
considered the gain spectrum (as shown in Fig. 1).  The gain in an SOA was dynamically 
changed depending on values used for the carrier density and carrier temperature in the 
propagation equation (i.e., MNLSE).  
Initially, (Hong et al., 1996) used the MNLSE for the simulation of optical pulse propagation 
in an SOA by FFT-BPM (Okamoto, 1992; Brigham, 1988) but the dynamic gain terms were 
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changing with time. The FD-BPM enables the simulation of optical pulse propagation taking 
into consideration the dynamic gain terms in SOAs (Das et al., 2007; Razaghi et al., 2009a & 
2009b; Aghajanpour et al., 2009). We used the modified MNLSE for optical pulse 
propagation in SOAs by the FD-BPM (Chung & Dagli, 1990; Conte & Boor, 1980).  We used 
the FD-BPM for the simulation of FWM characteristics when input pump and probe pulses, 
which are delayed with respect to one another, propagate in SOAs.  
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Fig. 4. Schematic diagram for the simulation of nonlinear propagation of single pulse‘s in 
SOA.  Here, 2( ,0)V τ  and 2( , )V zτ  are the intensity of input (z = 0) and output (after 
propagating a distance z) pulses of SOA.  
 

Figure 4 illustrates the simulation model for nonlinear propagation characteristics of a single 
pulse in an SOA.  An optical pulse is injected into the input side of the SOA (z = 0).  Here, τ  
is the local time, 2( ,0)V τ  is the intensity (power) of input pulse at the input side of SOA (z 
= 0) and 2( , )V zτ  is the intensity (power) of the output pulse at the output side of SOA after 
propagating a distance z.  We also used this model to simulate FWM characteristics of SOAs 
for multi-pulse propagation.  
Figure 5 shows the simulation results for single optical pulse propagation in an SOA.  Figure 
5(a) shows the temporal response of the propagated pulse for different output energy levels.  
In this simulation, the SOA length was 500 μm (other parameters are listed in Table 1) and 
the input pulse width was 1 ps.  By increasing the input pulse energy, the output pulse 
energy increased until it saturated the gain of the SOA.  The shift in pulse peak positions 
towards the leading edge (negative time) is mainly due to the gain saturation of the SOA 
(Kawaguchi et al., 1999), because the gain experienced by the pulses is higher at the leading 
edge than at the trailing edge.  Figure 5(b) shows the spectral characteristics of the 
propagating pulse at the output of the SOA for different output energy levels.  These 
spectral characteristics were obtained by evaluating the fast Fourier transform (FFT) of the 
temporal pulse shapes shown in Figure 5(a).  In Fig. 5(b) we also notice that by increasing 
the input pulse energy, the output pulse energy increases until the SOA is driven into 
saturation.  The dips observed at the higher frequency side of the frequency spectra are due 
to the self-phase modulation characteristics of the SOA (Kawaguchi et al., 1999).  Also 
noticed that the output frequency spectra are red-shifted (the spectral peak positions are 
slightly shifted to the lower frequency side of the frequency spectra), and this is also 
attributed to the gain saturation of the SOA (Kawaguchi et al., 1999).  The simulation results 
are in excellent agreement with the experimental results reported by Kawaguchi et al. 
(Kawaguchi et al., 1999).  
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                                             (a)                  (b) 

Fig. 5. (a) Temporal characteristics of the propagated pulses at the output of the SOA. Input 
pulse-width is 1 ps.  By increasing the input pulse energy, the output energy increases until 
the SOA is driven into saturation.  (b) Spectral characteristics of the output pulse for 
different output energy levels.  The dips occurring at the higher frequency side are due to 
the self-phase modulation characteristics of the SOA.   
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Fig. 6.  Schematic diagram illustrating the input and output pump and probe pulses for the 
simulation of the FWM conversion efficiency in SOAs.  The time delay between the input 
pump and probe pulses is dtΔ , and the detuning between the input pump and probe is 

p qf f fΔ = − , pf  is the center frequency of the pump pulse and qf  is that of the probe pulse.  

2.5 FWM characteristics with time-delays between input pulses in SOAs 
When two optical pulses with different central frequencies pf  (pump) and qf  (probe) are 
injected into the SOA simultaneously, an FWM signal is generated at the output of the SOA at 
a frequency 2 p qf f− .  Figure 6 shows the schematic diagram adopted for the simulation of 
FWM conversion efficiency in an SOA, illustrating the time delay Δtd = 0 between the input 
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pump and probe pulses, which are injected simultaneously into the SOA.  For the analysis of 
the FWM conversion efficiency, the combined pump and probe pulse, V(τ), is given by 

 ( ) ( ) ( )exp( 2 )p q dV V V t i fτ τ τ π τ= + ± Δ − Δ  (16) 

where, ( )pV τ  and ( )qV τ  are the complex envelope functions of the input pump and probe 
pulses respectively, ( / )gt z vτ = −  is the local time that propagates with group velocity gv  
at the center frequency of an optical pulse, fΔ  is detuning frequency and expressed as 

p qf f fΔ = − , dtΔ  is the time-delay between the input pump and probe pulses.  The positive 
(plus) and negative (minus) signs in ( )q dV tτ ± Δ  correspond to the pump leading the probe 
or the probe leading the pump, respectively. Using the complex envelope function of 
equation (16), we solved the MNLSE and obtained the distribution of the probe and pump 
pulses as well as the output FWM signal pulse.  
For the simulations, we used the parameters of a bulk SOA (AlGaAs/GaAs, double 
heterostructure) at a wavelength of 0.86 μm.  The parameters are listed in Table 1 (Hong et 
al., 1996).  The length of the SOA was assumed to be 350 μm.  All the results were obtained 
for a propagation step Δz of 5 μm.  Note that, for any step size less than 5 μm the simulation 
results were almost identical (i.e., independent of the step size).  
 
Name of the Parameters Symbols Values Units 
Length of SOA L 350 μm 
Effective area A 5 μm2 
Center frequency of the pulse f0 349 THz 

Linear gain  g0 92 cm-1 

Group velocity dispersion  β2 0.05 ps2 cm-1 
Saturation energy Ws 80 pJ 
Linewidth enhancement factor due to the carrier depletion αN 3.1  
Linewidth enhancement factor due to the CH αT 2.0  
The contribution of stimulated emission and FCA to the 
CH gain reduction  h1 0.13 cm-1pJ-1 

The contribution of TPA h2 126 fs cm-1pJ-2 
Carrier lifetime  τs 200 ps 
CH relaxation time  τch 700 fs 
SHB relaxation time   τshb 60 fs 
SHB saturation power Pshb 28.3 W 
Linear loss  γ 11.5 cm-1 
Instantaneous nonlinear Kerr effect n2 -0.70 cm2 TW-1 
TPA coefficient  γ2p 1.1 cm-1 W-1 
Parameters describing second-order Taylor expansion of 
the dynamically gain spectrum  

A1 
B1 
A2 
B2 

0.15 
-80 
-60 
0 

fs μm-1 
fs 

fs2 μm-1 
fs2 

Table 1. Simulation parameters of a bulk SOA (AlGaAs/GaAs, double heterostructure) 
(Hong et al., 1996; Das et al., 2000).  
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                                             (a)                  (b) 

Fig. 5. (a) Temporal characteristics of the propagated pulses at the output of the SOA. Input 
pulse-width is 1 ps.  By increasing the input pulse energy, the output energy increases until 
the SOA is driven into saturation.  (b) Spectral characteristics of the output pulse for 
different output energy levels.  The dips occurring at the higher frequency side are due to 
the self-phase modulation characteristics of the SOA.   
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Fig. 6.  Schematic diagram illustrating the input and output pump and probe pulses for the 
simulation of the FWM conversion efficiency in SOAs.  The time delay between the input 
pump and probe pulses is dtΔ , and the detuning between the input pump and probe is 

p qf f fΔ = − , pf  is the center frequency of the pump pulse and qf  is that of the probe pulse.  

2.5 FWM characteristics with time-delays between input pulses in SOAs 
When two optical pulses with different central frequencies pf  (pump) and qf  (probe) are 
injected into the SOA simultaneously, an FWM signal is generated at the output of the SOA at 
a frequency 2 p qf f− .  Figure 6 shows the schematic diagram adopted for the simulation of 
FWM conversion efficiency in an SOA, illustrating the time delay Δtd = 0 between the input 
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pump and probe pulses, which are injected simultaneously into the SOA.  For the analysis of 
the FWM conversion efficiency, the combined pump and probe pulse, V(τ), is given by 

 ( ) ( ) ( )exp( 2 )p q dV V V t i fτ τ τ π τ= + ± Δ − Δ  (16) 

where, ( )pV τ  and ( )qV τ  are the complex envelope functions of the input pump and probe 
pulses respectively, ( / )gt z vτ = −  is the local time that propagates with group velocity gv  
at the center frequency of an optical pulse, fΔ  is detuning frequency and expressed as 

p qf f fΔ = − , dtΔ  is the time-delay between the input pump and probe pulses.  The positive 
(plus) and negative (minus) signs in ( )q dV tτ ± Δ  correspond to the pump leading the probe 
or the probe leading the pump, respectively. Using the complex envelope function of 
equation (16), we solved the MNLSE and obtained the distribution of the probe and pump 
pulses as well as the output FWM signal pulse.  
For the simulations, we used the parameters of a bulk SOA (AlGaAs/GaAs, double 
heterostructure) at a wavelength of 0.86 μm.  The parameters are listed in Table 1 (Hong et 
al., 1996).  The length of the SOA was assumed to be 350 μm.  All the results were obtained 
for a propagation step Δz of 5 μm.  Note that, for any step size less than 5 μm the simulation 
results were almost identical (i.e., independent of the step size).  
 
Name of the Parameters Symbols Values Units 
Length of SOA L 350 μm 
Effective area A 5 μm2 
Center frequency of the pulse f0 349 THz 

Linear gain  g0 92 cm-1 

Group velocity dispersion  β2 0.05 ps2 cm-1 
Saturation energy Ws 80 pJ 
Linewidth enhancement factor due to the carrier depletion αN 3.1  
Linewidth enhancement factor due to the CH αT 2.0  
The contribution of stimulated emission and FCA to the 
CH gain reduction  h1 0.13 cm-1pJ-1 

The contribution of TPA h2 126 fs cm-1pJ-2 
Carrier lifetime  τs 200 ps 
CH relaxation time  τch 700 fs 
SHB relaxation time   τshb 60 fs 
SHB saturation power Pshb 28.3 W 
Linear loss  γ 11.5 cm-1 
Instantaneous nonlinear Kerr effect n2 -0.70 cm2 TW-1 
TPA coefficient  γ2p 1.1 cm-1 W-1 
Parameters describing second-order Taylor expansion of 
the dynamically gain spectrum  

A1 
B1 
A2 
B2 

0.15 
-80 
-60 
0 

fs μm-1 
fs 

fs2 μm-1 
fs2 

Table 1. Simulation parameters of a bulk SOA (AlGaAs/GaAs, double heterostructure) 
(Hong et al., 1996; Das et al., 2000).  
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3. Experimental setup 
Figure 7 shows the experimental setup for the measurement of the FWM signal energy at the 
output of the SOA with time delays being introduced between input pump and probe 
pulses. This experimental setup is similar to the one that was used by Inoue & Kawaguchi 
(Inoue & Kawaguchi, 1998a). In this setup, we used an optical parametric oscillator (OPO) at 
1.3 μm wavelength band as a light source. Here, an optical pulse train of 100 fs was 
generated at a repetition rate of 80 MHz by the OPO. The pump and probe pulses were 
obtained by filtering the output pulse of the OPO.  The output was divided into a pump and 
a probe beam (pulse). Optical bandpass filters (4 nm) were inserted into the two beam 
passes to select the narrow wavelength component. After passing through the filters, the 
pulses were broadened to 550 fs width, which is close to the transform-limited secant 
hyperbolic shape.  The time-delay between pump and probe pulses is given by the optical 
stage (as shown in Fig. 7 time delay stage) and it regulates the optical power. The two beams 
were combined and injected into the SOA. The beams were amplified by the SOA and then 
the FWM signals were generated at the output of the SOA. The FWM signal was selected 
from the SOA output using two cascaded narrow-band bandpass filters (3 and 4 nm) and 
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4. Results and discussions 
It was found that the optimum time-delay between the input pump and probe pulses shifts 
from the zero time-delay (Δtd = 0) under the strong input pulse condition needed to achieve 
high FWM conversion efficiency in an SOA. These results are very important for the design 
of ultrafast optical systems that have high conversion efficiency and small timing jitter 
(Inoue & Kawaguchi, 1998b; Das et al., 2005).  
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3. Experimental setup 
Figure 7 shows the experimental setup for the measurement of the FWM signal energy at the 
output of the SOA with time delays being introduced between input pump and probe 
pulses. This experimental setup is similar to the one that was used by Inoue & Kawaguchi 
(Inoue & Kawaguchi, 1998a). In this setup, we used an optical parametric oscillator (OPO) at 
1.3 μm wavelength band as a light source. Here, an optical pulse train of 100 fs was 
generated at a repetition rate of 80 MHz by the OPO. The pump and probe pulses were 
obtained by filtering the output pulse of the OPO.  The output was divided into a pump and 
a probe beam (pulse). Optical bandpass filters (4 nm) were inserted into the two beam 
passes to select the narrow wavelength component. After passing through the filters, the 
pulses were broadened to 550 fs width, which is close to the transform-limited secant 
hyperbolic shape.  The time-delay between pump and probe pulses is given by the optical 
stage (as shown in Fig. 7 time delay stage) and it regulates the optical power. The two beams 
were combined and injected into the SOA. The beams were amplified by the SOA and then 
the FWM signals were generated at the output of the SOA. The FWM signal was selected 
from the SOA output using two cascaded narrow-band bandpass filters (3 and 4 nm) and 
detected by a photodiode. These 3 nm and 4 nm optical bandpass filters selected spectrally 
the FWM signal component from the output of the SOA.  For the detection of FWM signal, 
we inserted a mechanical chopper into the probe beam path. The FWM signal was measured 
using the lock-in technique with 4 nm double-cavity bandpass filters. We adjusted the pump 
frequency to be 1.8 THz higher than that of the probe frequency, i.e., the pump-probe 
detuning was 1.8 THz.   
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4. Results and discussions 
It was found that the optimum time-delay between the input pump and probe pulses shifts 
from the zero time-delay (Δtd = 0) under the strong input pulse condition needed to achieve 
high FWM conversion efficiency in an SOA. These results are very important for the design 
of ultrafast optical systems that have high conversion efficiency and small timing jitter 
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was measured using a multiple quantum well SOA of length 350 μm. The shapes of the 
input pump and probe pulses were sech2 both had a pulse-width of 550 fs. The pump-probe 
detuning was set to 1.8 THz, and the input pump energy was fixed at 1.6 pJ.  By increasing 
the input probe energy, the FWM signal intensity increased until the input probe energy 
became comparable to the input pump energy of 1.6 pJ.  By further increasing the probe 
intensity, the FWM signal decreased and the peak position shifted to the pump-first 
direction as illustrated by the arrows. This demonstrated excellent agreement between the 
simulation and experimental results.  
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Fig. 9. (a) Simulation results: Optimum time delay versus input probe energy for different 
input pump energy levels.  Input pulse-width = 1 ps; frequency detuning = 3 THz.   
(b) Experimental results: Optimum time delay versus input probe energy for different input 
pump energy levels.  Input pulse-width = 550 fs; frequency detuning = 1.8 THz.  
Figure 9(a) shows the simulated optimum time delay between the pump and probe pulses 
versus the input probe energy, for an input pump and probe pulse-width of 1 ps, and a 
frequency detuning between pump and probe of 3 THz, and for different input pump 
energies. It is noticed that by increasing the input pump energy, the optimum time-delay 
reduces. However, increasing the input probe energy increases the optimum time delay.  
Figure 9(b) shows the measured optimum time delay versus the input probe energy for 
different pump energy levels. The input pulse-width was 550 fs, and the frequency detuning 
between pump and probe was 1.8 THz. The input pump energy levels were varied between 
1.6 pJ and 3.1 pJ.  Excellent agreement between the simulated and measured optimum-delay 
characteristics is observed for input probe energy levels above 0.1 pJ.  
Figure 10(a) shows the simulated FWM conversion efficiency versus the input probe energy 
for different input pump energy levels. It is obvious that for a given input probe energy 
level, the FWM conversion efficiency increases when increasing the input pump energy 
level.  On the other hand, for a given pump energy level, the FWM conversion efficiency 
decreases when the input probe energy is increased. Note that the dashed lines in Fig. 10(a) 
correspond to perfect pump-probe time overlap (Δtd = 0), whereas solid lines correspond to 
optimum pump-probe time delays. Figure 10(b) shows the measured maximum FWM 

Impact of Pump-Probe Time Delay on the Four Wave Mixing  
Conversion Efficiency in Semiconductor Optical Amplifiers   

 

143 

conversion efficiency (corresponding to optimum time delay between the pump and probe 
pulses) versus the input probe energy level for input pump energy levels 1.6 pJ and 3.1 pJ, 
respectively. It is noticed from Fig. 10(b) that for a low probe energy (below 1 pJ), the FWM 
conversion efficiency decreases with increasing the input pump energy, whereas, for a high 
input probe energy (above 1 pJ), the FWM conversion efficiency increases when the input 
pump energy increases. From Fig. 10(a) and Fig. 10(b), excellent agreement is seen between 
the simulated and measured results for the optimum FWM conversion efficiency. 
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Fig. 10. (a) Simulation results: FWM conversion efficiency versus the input probe energy 
characteristics at the output of SOA.  Dashed lines correspond to perfect pump-probe time 
overlap (Δtd = 0), whereas solid lines correspond to optimum pump-probe time delays.   
(b) Experimental results: Optimum FWM conversion efficiency versus the input probe 
energy characteristics for different input pump energy levels.  

5. Conclusion 
We have presented an accurate analysis based on the FD-BPM, which optimizes the time 
delay between the input pump and probe pulses to maximise the FWM conversion 
efficiency in SOAs. We have shown that the gain saturation of the SOA degrades the FWM 
conversion efficiency. However, by optimizing the time delay between the pump and probe 
pulses, for a specific pulse duration and repetition rate, a high FWM conversion efficiency 
can be achieved.  We have also simulated and experimentally measured the optimum time 
delay versus the input probe energy characteristics. Simulation and experimental results 
have confirmed that increasing the input probe energy increases the optimum time delay 
and that for a low probe energy, the FWM conversion efficiency decreases with increasing 
the input pump energy, whereas, for a high input probe energy, the FWM conversion 
efficiency increases when the input pump energy is increased.  
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was measured using a multiple quantum well SOA of length 350 μm. The shapes of the 
input pump and probe pulses were sech2 both had a pulse-width of 550 fs. The pump-probe 
detuning was set to 1.8 THz, and the input pump energy was fixed at 1.6 pJ.  By increasing 
the input probe energy, the FWM signal intensity increased until the input probe energy 
became comparable to the input pump energy of 1.6 pJ.  By further increasing the probe 
intensity, the FWM signal decreased and the peak position shifted to the pump-first 
direction as illustrated by the arrows. This demonstrated excellent agreement between the 
simulation and experimental results.  
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Fig. 9. (a) Simulation results: Optimum time delay versus input probe energy for different 
input pump energy levels.  Input pulse-width = 1 ps; frequency detuning = 3 THz.   
(b) Experimental results: Optimum time delay versus input probe energy for different input 
pump energy levels.  Input pulse-width = 550 fs; frequency detuning = 1.8 THz.  
Figure 9(a) shows the simulated optimum time delay between the pump and probe pulses 
versus the input probe energy, for an input pump and probe pulse-width of 1 ps, and a 
frequency detuning between pump and probe of 3 THz, and for different input pump 
energies. It is noticed that by increasing the input pump energy, the optimum time-delay 
reduces. However, increasing the input probe energy increases the optimum time delay.  
Figure 9(b) shows the measured optimum time delay versus the input probe energy for 
different pump energy levels. The input pulse-width was 550 fs, and the frequency detuning 
between pump and probe was 1.8 THz. The input pump energy levels were varied between 
1.6 pJ and 3.1 pJ.  Excellent agreement between the simulated and measured optimum-delay 
characteristics is observed for input probe energy levels above 0.1 pJ.  
Figure 10(a) shows the simulated FWM conversion efficiency versus the input probe energy 
for different input pump energy levels. It is obvious that for a given input probe energy 
level, the FWM conversion efficiency increases when increasing the input pump energy 
level.  On the other hand, for a given pump energy level, the FWM conversion efficiency 
decreases when the input probe energy is increased. Note that the dashed lines in Fig. 10(a) 
correspond to perfect pump-probe time overlap (Δtd = 0), whereas solid lines correspond to 
optimum pump-probe time delays. Figure 10(b) shows the measured maximum FWM 
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conversion efficiency (corresponding to optimum time delay between the pump and probe 
pulses) versus the input probe energy level for input pump energy levels 1.6 pJ and 3.1 pJ, 
respectively. It is noticed from Fig. 10(b) that for a low probe energy (below 1 pJ), the FWM 
conversion efficiency decreases with increasing the input pump energy, whereas, for a high 
input probe energy (above 1 pJ), the FWM conversion efficiency increases when the input 
pump energy increases. From Fig. 10(a) and Fig. 10(b), excellent agreement is seen between 
the simulated and measured results for the optimum FWM conversion efficiency. 
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Fig. 10. (a) Simulation results: FWM conversion efficiency versus the input probe energy 
characteristics at the output of SOA.  Dashed lines correspond to perfect pump-probe time 
overlap (Δtd = 0), whereas solid lines correspond to optimum pump-probe time delays.   
(b) Experimental results: Optimum FWM conversion efficiency versus the input probe 
energy characteristics for different input pump energy levels.  

5. Conclusion 
We have presented an accurate analysis based on the FD-BPM, which optimizes the time 
delay between the input pump and probe pulses to maximise the FWM conversion 
efficiency in SOAs. We have shown that the gain saturation of the SOA degrades the FWM 
conversion efficiency. However, by optimizing the time delay between the pump and probe 
pulses, for a specific pulse duration and repetition rate, a high FWM conversion efficiency 
can be achieved.  We have also simulated and experimentally measured the optimum time 
delay versus the input probe energy characteristics. Simulation and experimental results 
have confirmed that increasing the input probe energy increases the optimum time delay 
and that for a low probe energy, the FWM conversion efficiency decreases with increasing 
the input pump energy, whereas, for a high input probe energy, the FWM conversion 
efficiency increases when the input pump energy is increased.  
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1. Introduction     
The demand for bandwidth in telecommunication network has been increasing significantly 
in the last few years. It is to be expected that also in the next few years multimedia services 
will further increase the bandwidth requirement. To utilize the full bandwidth of the optical 
fibre, wavelength division multiplexing (WDM) and time-division multiplexing (TDM) 
techniques have been applied. In these two primary techniques, wavelength converters that 
translate optical signal of one wavelength into optical signals of another wavelength, see 
Fig. 1, have become key devices. In general, a wavelength converter has to be efficient, 
meaning that with low signal powers an error free converted signal can be obtained. Also, 
the wavelength converters have to be small, compact, and as simple (cheap) as possible. 
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Fig. 1. A wavelength converter translates the incoming signal at λ2 to the local signal at λ1 

Presently, large footprint optical-electrical-optical (o-e-o) translator units with large power 
consumption are used to perform wavelength conversion in optical cross-connects. 
Advantages of o-e-o methods are their inherent 3R (re-amplification, re-shaping, re-timing) 
regenerative capabilities and maturity. Conversely, the promise of all-optical wavelength 
conversion is the scalability to very high bit rates. All-optical wavelength converters 
(AOWC) can overcome wavelength blocking issues in next generation transparent networks 
and make possible reuse of the local wavelengths. All-optical wavelength converters can 
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also enable flexible routing and switching in the global and local networks, e.g. optical 
circuit-switching, optical burst-switching and optical packet-switching (Yoo, 1996). 
Semiconductor optical amplifiers (SOAs) are closest to practical realization of all-optical 
wavelength converters (Yoo, 1996; Durhuus et al., 1996). SOA-based all-optical wavelength 
converters are compact, have low power consumption, and can be possibly operated at high 
speed. Indeed, a 320 Gbit/s SOA-based all-optical wavelength conversion has already been 
demonstrated (Liu et al., 2007). The advantages of using SOAs arise from the large number 
of stimulated emitted photons and free carriers, which are confined in a small active 
volume.  
The SOA-based wavelength conversion works mostly via the variation of the gain and 
refractive index induced by an optical signal in the active region. The optical signal incident 
into the active region modifies the free carrier concentration. Thus, the optical gain and the 
refractive index within the active region are modulated.  Other optical signals propagating 
simultaneously through the SOA also see these modulations of the gain and refractive 
index, being known as cross-gain modulation (XGM) and cross-phase modulation (XPM) 
(Yoo, 1996; Durhuus et al., 1996; Connelly, 2002). Thus, the information is transferred to 
another wavelength. In SOAs, a rich variety of dynamic processes drive the operation. These 
processes include the carrier dynamics between conduction band and valence band 
(interband dynamics) as well as inside of conduction band or valence band (intraband 
dynamics) (Connelly, 2002). They both affect the gain and the refractive index of the SOA, 
and thus the operation of the SOA-based wavelength converter. In addition, the fact that 
each of these effects has a specific lifetime leads to pattern dependent effects in the 
processed signals.  
The pattern effect in the output signal out of an SOA is understood as follows. As 
subsequent incoming pulses are launched into a slow SOA, the carrier density is depleted 
continually. It recovers back to different levels and the amplifier gain also varies for 
different pulses, depending on the former bit pattern seen by the SOA. The unwanted 
pattern effect limits the implementation of the SOA-based wavelength converter at high 
speed. 
The most practical approach to overcome pattern effects is to decrease the SOA recovery 
time by proper design (Zhang et al., 2006), optimum operation conditions (Girardin et al., 
1998), an additional assisting light (Manning et al., 1994), and choice of new fast materials 
(Sugawara et al., 2002). Other approaches to mitigate the pattern effects are cascading 
several SOAs (Bischoff et al., 2004; Manning et al., 2006) or by using SOAs in a differential 
interferometer arrangement. Among them, the differential Mach-Zehnder interferometer 
(MZI) (Tajima, 1993), the differential Sagnac loop (Eiselt et al., 1995), the ultrafast nonlinear 
interferometer (UNI) (Hall & Rauschenbach, 1998) and the delay interferometer (DI) con-
figurations (Leuthold et al., 2000), which exploit the XPM effect enable speeds beyond the 
limit due to the SOA carrier recovery times. 
Recently, a new wavelength converter with an SOA followed by a single pulse reformatting 
optical filter (PROF) has been introduced (Leuthold et al., 2004b). In (Leuthold et al., 2004b), 
an experiment implementing a PROF based on MEMS technology demonstrated 
wavelength conversion at 40 Gbit/s, with record low input data signal powers of −8.5 and 
−17.5dBm for non-inverted and inverted operation. This is almost two orders of magnitudes 
less than typically reported for 40 Gbit/s wavelength conversions. The reason for the good 
conversion efficiency lies in the design of the filter. The PROF scheme exploits the fast chirp 
effects in the converted signal after the SOA and uses both the red- and blue-shifted spectral 
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components, while schemes with a single red- or blue-shifted filter (Leuthold et al., 2003; 
Nielsen & Mørk, 2006; Kumar et al., 2006; Liu et al., 2007) reject part of the spectrum. From 
an information technological point of view, rejection of spectral components with 
information should be avoided. Indeed, this scheme provides the best possible conversion 
efficiency for an SOA-based wavelength converter or regenerator.  
The PROF scheme basically represents an optimum filter for the SOA response with the 
potential for highest speed operation. However, so far it is not clear, if these schemes with 
optical filters can successfully overcome pattern effects at highest speed. 
In this chapter, we will show that the PROF scheme indeed and effectively mitigates SOA 
pattern effect. The pattern effect mitigation technique demonstrated here is based on the fact 
that the red chirp (decreasing frequency) and the blue chirp (increasing frequency) in the 
inverted signal behind an SOA have complementary pattern effects. If the two spectral 
components are superimposed by means of the PROF, then pattern effects can be 
successfully suppressed. An experimental implementation at 40 Gbit/s shows a signal 
quality factor improvement of 7.9 dB and 4.8 dB if compared to a blue- or red-shifted optical 
filter assisted wavelength converter scheme, respectively.  
This chapter is organized as follows: In Section 2, an introduction of the SOA will be given. 
The basic SOA nonlinearities, which are used for wavelength conversion, will be reviewed. 
Also, the pattern effect in the SOA-based wavelength conversion will be discussed. In 
Section 3, the scheme of the SOA-based wavelength conversion assisted by an optical filter 
will be presented. The operation principle and experiment of this pattern effect mitigation 
technique are then explained and demonstrated. 

2. Semiconductor-optical-amplifier based wavelength conversion 
2.1 Semiconductor-optical-amplifier 
Semiconductor-optical-amplifiers (SOAs) are amplifiers which use a semiconductor as the 
gain medium. These amplifiers have a similar structure to Fabry-Perot laser diodes but with 
anti-reflection elements at the end faces. SOAs are typically made from group III-V com-
pound direct bandgap semiconductors such as GaAs/AlGaAs, InP/InGaAs, InP/InGaAsP 
and InP/InAlGaAs. Such amplifiers are often used in telecommunication systems in the 
form of fiber-pigtailed components, operating at signal wavelengths between 0.85 µm and 
1.6 µm. SOAs are potentially less expensive than erbium doped fibre amplifier (EDFA) and 
can be integrated with semiconductor lasers, modulators, etc. However, the drawbacks of 
SOAs are challenging polarization dependences and a higher noise figure. Practically, the 
polarization dependence in the SOA can be reduced by an optimum structural design 
(Saitoh & Mukai, 1989).  
A schematic diagram of a heterostructure SOA is given in Fig. 2. The active region, 
imparting gain to the input signal, is buried between the p- and n-doped layers, while the 
length of the active region is L. An external electrical current injects charge carriers into the 
active region and provides a gain to the optical input signal. An SOA typically has an 
amplifier gain of up to 30 dB. 
Semiconductor amplifiers interact with the light, i.e. photons, in terms of electronic 
transitions. The transition between a high energy level W2 in the conduction band (CB) and 
a lower energy level W1 in the valence band (VB) can be radiative by emission of a photon 
with energy hf = W2 − W1 (h: Planck’s constant, f: frequency), or non-radiative (such as 
thermal vibrations of the crystal lattice, Auger recombination). Three types of transitions, 
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Fig. 2. Schematic diagram of an SOA 

namely stimulated absorption, spontaneous emission and stimulated emission, are the basic 
mechanisms for all lasers and optical amplifiers. They are: 
• Stimulated absorption: If an electromagnetic field exists, a photon with energy hf = W2 – 

W1 can be absorbed. Meanwhile, an electron can make an upwards transition from the 
lower energy level W1 to the higher energy level W2. The stimulated absorption rate 
depends on the electromagnetic energy density, and on the number of the electrons in 
the CB and the number of holes in the VB.  

• Spontaneous emission: An electron in the CB can with a certain probability undergo a 
transition to the lower energy level W1 spontaneously, while emitting a photon with 
energy hf = W2 – W1, or loosing the transition energy through phonons or collisions. 
Obviously, the probability of the spontaneous emission is dependent on the number of 
the electron and hole pairs. These “spontaneously” emitted photons will be found with 
equal probability in any possible modes of the electromagnetic field. Thus a 
spontaneously emitted photon is regarded as a noise signal, since it represents a field 
with a random phase and a random direction.  

• Stimulated emission: An incident photon can also induce with a certain probability a 
transition of the electron from the high energy level W2 to the low energy level W1. In 
this process a second photon is created. In contrast to spontaneous emission processes, 
this second photon is identical in all respects to the inducing photon (identical phase, 
frequency and direction). As does the stimulated absorption, the stimulated emission 
rate also depends on the incident electromagnetic energy density.  

2.2 Basic SOA nonlinearities used for wavelength conversion 
The SOA shows high nonlinearity with fast transient time. However, the high nonlinearity 
in the SOA is also accompanied with phase changes, which can distort the signals. This 
nonlinearity presents a most severe problem for optical communication applications, if the 
SOAs are used as “linear” optical amplifiers. Yet, high optical nonlinearity makes SOAs 
attractive for all-optical signal processing like all-optical switching and wavelength 
conversion. Indeed, the nonlinear gain and phase effects in an SOA, usually termed as cross-
gain modulation (XGM) and cross-phase modulation (XPM), are widely used to perform 
wavelength conversion. 
The XGM and XPM effects in an SOA are schematically shown in Fig. 3. 
• XGM: As a strong control signal is launched into an SOA, it depletes the carrier in-side 

the SOA and saturates the gain of the SOA. If a weak probe signal (usually at a new 
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wavelength) is also present in the SOA, the amplification of the probe signal is affected 
by the strong control signal, see the output power in Fig. 3. Thereby, the probe signal is 
modulated by the control signal. This effect is called cross-gain modulation (XGM). 

• XPM: As the control signal causes a change of the carrier density inside the SOA, it also 
induces a change of the refractive index and a phase shift of the probe signal when 
passing through the SOA, see the output phase in Fig. 3. This effect is called cross-phase 
modulation (XPM). The XPM effect is usually measured in an interferometric 
configuration.  
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Fig. 3. XGM and XPM effects in an SOA. As an optical pulse of the input control signal at λ1 
is launched in the SOA, XGM and XPM effects are visualized by a cw probe signal at λ2 at 
the output of the SOA, see left and right y-axes of the output signal. 

In an SOA, the XGM and XPM are related phenomenologically by a linewidth enhancement 
factor αH, also called Henry factor (Henry, 1982). The αH-factor is defined as the ratio 
between the changes of the gain and the refractive index. In most publications (Henry, 1982; 
Agrawal & Olsson, 1989; Mecozzi & Mørk, 1997), the αH-factor is assumed to be constant. 
This simplification indeed is valid only over a limited spectral range and for sufficiently 
small carrier density modulations in the SOA. Unfortunately, in most of the all-optical 
experiments, material properties change considerably and the αH-factor varies significantly. 
In a new work (Wang et al., 2007), the temporal dynamics of the αH-factor is investigated 
and it is shown that the αH-factor changes during pump-probe experiments by more than an 
order of magnitude to the extent that even negative αH-factors are observed. 
After the control signal has died out, carriers recover. The carrier recovery process includes 
inter- and intraband carrier dynamics. The interband carrier dynamics limits the operation 
speed of the SOA. Especially, when subsequent control pulses are launched into a slow SOA 
(with a large carrier recovery time), the carrier density is progressively reduced. It recovers 
back to different levels and the amplifier gain also varies for different pulses, depending on 
the bit pattern seen by the SOA. This effect is usually called “pattern effect”. The pattern 
effect is discussed with the help of the simulation and experiment in next section. The 
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Fig. 2. Schematic diagram of an SOA 
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spontaneously emitted photon is regarded as a noise signal, since it represents a field 
with a random phase and a random direction.  
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this second photon is identical in all respects to the inducing photon (identical phase, 
frequency and direction). As does the stimulated absorption, the stimulated emission 
rate also depends on the incident electromagnetic energy density.  

2.2 Basic SOA nonlinearities used for wavelength conversion 
The SOA shows high nonlinearity with fast transient time. However, the high nonlinearity 
in the SOA is also accompanied with phase changes, which can distort the signals. This 
nonlinearity presents a most severe problem for optical communication applications, if the 
SOAs are used as “linear” optical amplifiers. Yet, high optical nonlinearity makes SOAs 
attractive for all-optical signal processing like all-optical switching and wavelength 
conversion. Indeed, the nonlinear gain and phase effects in an SOA, usually termed as cross-
gain modulation (XGM) and cross-phase modulation (XPM), are widely used to perform 
wavelength conversion. 
The XGM and XPM effects in an SOA are schematically shown in Fig. 3. 
• XGM: As a strong control signal is launched into an SOA, it depletes the carrier in-side 
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wavelength) is also present in the SOA, the amplification of the probe signal is affected 
by the strong control signal, see the output power in Fig. 3. Thereby, the probe signal is 
modulated by the control signal. This effect is called cross-gain modulation (XGM). 

• XPM: As the control signal causes a change of the carrier density inside the SOA, it also 
induces a change of the refractive index and a phase shift of the probe signal when 
passing through the SOA, see the output phase in Fig. 3. This effect is called cross-phase 
modulation (XPM). The XPM effect is usually measured in an interferometric 
configuration.  
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Fig. 3. XGM and XPM effects in an SOA. As an optical pulse of the input control signal at λ1 
is launched in the SOA, XGM and XPM effects are visualized by a cw probe signal at λ2 at 
the output of the SOA, see left and right y-axes of the output signal. 

In an SOA, the XGM and XPM are related phenomenologically by a linewidth enhancement 
factor αH, also called Henry factor (Henry, 1982). The αH-factor is defined as the ratio 
between the changes of the gain and the refractive index. In most publications (Henry, 1982; 
Agrawal & Olsson, 1989; Mecozzi & Mørk, 1997), the αH-factor is assumed to be constant. 
This simplification indeed is valid only over a limited spectral range and for sufficiently 
small carrier density modulations in the SOA. Unfortunately, in most of the all-optical 
experiments, material properties change considerably and the αH-factor varies significantly. 
In a new work (Wang et al., 2007), the temporal dynamics of the αH-factor is investigated 
and it is shown that the αH-factor changes during pump-probe experiments by more than an 
order of magnitude to the extent that even negative αH-factors are observed. 
After the control signal has died out, carriers recover. The carrier recovery process includes 
inter- and intraband carrier dynamics. The interband carrier dynamics limits the operation 
speed of the SOA. Especially, when subsequent control pulses are launched into a slow SOA 
(with a large carrier recovery time), the carrier density is progressively reduced. It recovers 
back to different levels and the amplifier gain also varies for different pulses, depending on 
the bit pattern seen by the SOA. This effect is usually called “pattern effect”. The pattern 
effect is discussed with the help of the simulation and experiment in next section. The 
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numerical model used in the simulation was given in (Wang et al., 2007), while the 
parameters were adapted for the current SOA and validated experimentally. 

2.3 Pattern effect in SOA based wavelength conversion 
The XGM experiment conditions have a great influence on the gain and phase dynamics. 
The gain and phase dynamics are practically characterized by a carrier recovery time. A 
large carrier recovery time of an SOA means that the SOA response is slow. In a XGM, a 
very slow SOA shows a pattern effect, which is a serious problem in high-speed all-optical 
communications.   
As subsequent control pulses are launched into a slow SOA, the carrier density is depleted 
continually. It recovers back to different levels and the amplifier gain also varies for 
different pulses, depending on the former bit pattern seen by the SOA. In our XGM 
experiment and simulation, 160 Gbit/s control signals with different bit patterns were 
launched into an SOA with a length of 1.6 mm. The output powers and phase shifts are 
compared in Fig. 4(a) for a bit pattern “1111000000000000”, and in Fig. 4(b) for a bit pattern 
“1011010000000000”.  
 

-50 0 50
0

5

10

Time [ps]

O
ut

pu
t p

ow
er

 [a
.u

.]

0

-4

-8

P
ha

se
 s

hi
ft
Δϕ

[ra
d.

]

-50 0 50
0

5

10

Time [ps]

O
ut

pu
t p

ow
er

 [a
.u

.]

0

-4

-8

P
ha

se
 s

hi
ft 
Δ
ϕ

[ra
d.

]

(a) For a bit pattern 1111000000000000   

(b) For a bit pattern 1011010000000000

Exp.
Sim.

 
Fig. 4. Results of cross-gain modulation experiment with a bit pattern (a) 1111000000000000, 
and (b) 1011010000000000. Output power (left axis) and phase relaxation (right axis) are 
compared between experiment (solid lines) and simulation (dashed lines). 

We see that the pattern effect will be a serious problem in high-speed signal processing. As 
shown in Fig. 4(a), the phase shift of subsequent bits increases but the relative phase shift 
between two subsequent bits is different. Sometimes, the pattern effect can be so strong that 
one bit “0” can not be recognized from bit “1”s, e.g. bit “0” in the bit pattern “1101” in  
Fig. 4(b). 
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Reducing pattern effect in an SOA can make SOA-based all-optical processing schemes 
working at high speed. Throughout this work, rather than decreasing the SOA recovery 
time by proper material design (Zhang et al., 2006) or choice of new fast materials 
(Sugawara et al., 2002), the main attention will be paid to mitigate pattern effect by optimum 
operation conditions and careful configuration design.  

3. Pattern effect mitigation using an optical filter 
3.1 SOA based wavelength conversion assisted by an optical filter 
Recently, a new approach of a wavelength converter with an SOA followed by an optical 
filter was introduced and discussed, Fig. 5. For all-optical wavelength conversion, the input 
data signal Pin and the probe (cw) light Pcnv are launched into the SOA. In the SOA, the 
input data signal encodes the signal information by means of cross-gain and cross-phase 
modulations onto the cw signal. As a result, we obtain after the SOA an inverted signal Pinv 
at the wavelength of the cw light. The purpose of the subsequent passive optical filter with 
an appropriate amplitude and phase response is to reformat the signal Pinv into a new 
output-signal Pcv with a predetermined shape. 
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Fig. 5. All-optical wavelength converter based on an SOA followed by an optical filter. 

Several filters have been proposed. These are the pulse-reformatting optical filter (PROF) 
(Leuthold et al., 2004a), the red-shift optical filter (RSOF) (Leuthold et al., 2003), the blue-
shift optical filter (BSOF) (Leuthold et al., 2003; Nielsen et al., 2003; Liu et al., 2007), and a 
delay interferometer (DI) filter scheme (Leuthold et al., 2000; Leuthold et al., 2004b). 
The PROF scheme can be understood as follows. As seen in Fig. 5 the probe signal Pcnv is 
cross-phase modulated by the control signal Pin, the Pinv signal after the SOA comprises a 
leading red-chirped (negative frequency variation with respect to time) component followed 
by a trailing blue-chirped (negative frequency variation with respect to time) component 
due to SOA carrier recovery.  The Pinv signal also has a cw tone from the Pcnv signal. The 
PROF suppresses the cw tone and splits off the red and blue-chirped spectral components, 
which are subsequently recombined. This leads to a beating between the two signals that 
results in a strong and narrow converted pulse if the temporal delay between the two pulses 
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numerical model used in the simulation was given in (Wang et al., 2007), while the 
parameters were adapted for the current SOA and validated experimentally. 
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Fig. 4. Results of cross-gain modulation experiment with a bit pattern (a) 1111000000000000, 
and (b) 1011010000000000. Output power (left axis) and phase relaxation (right axis) are 
compared between experiment (solid lines) and simulation (dashed lines). 

We see that the pattern effect will be a serious problem in high-speed signal processing. As 
shown in Fig. 4(a), the phase shift of subsequent bits increases but the relative phase shift 
between two subsequent bits is different. Sometimes, the pattern effect can be so strong that 
one bit “0” can not be recognized from bit “1”s, e.g. bit “0” in the bit pattern “1101” in  
Fig. 4(b). 
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Reducing pattern effect in an SOA can make SOA-based all-optical processing schemes 
working at high speed. Throughout this work, rather than decreasing the SOA recovery 
time by proper material design (Zhang et al., 2006) or choice of new fast materials 
(Sugawara et al., 2002), the main attention will be paid to mitigate pattern effect by optimum 
operation conditions and careful configuration design.  

3. Pattern effect mitigation using an optical filter 
3.1 SOA based wavelength conversion assisted by an optical filter 
Recently, a new approach of a wavelength converter with an SOA followed by an optical 
filter was introduced and discussed, Fig. 5. For all-optical wavelength conversion, the input 
data signal Pin and the probe (cw) light Pcnv are launched into the SOA. In the SOA, the 
input data signal encodes the signal information by means of cross-gain and cross-phase 
modulations onto the cw signal. As a result, we obtain after the SOA an inverted signal Pinv 
at the wavelength of the cw light. The purpose of the subsequent passive optical filter with 
an appropriate amplitude and phase response is to reformat the signal Pinv into a new 
output-signal Pcv with a predetermined shape. 
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Fig. 5. All-optical wavelength converter based on an SOA followed by an optical filter. 

Several filters have been proposed. These are the pulse-reformatting optical filter (PROF) 
(Leuthold et al., 2004a), the red-shift optical filter (RSOF) (Leuthold et al., 2003), the blue-
shift optical filter (BSOF) (Leuthold et al., 2003; Nielsen et al., 2003; Liu et al., 2007), and a 
delay interferometer (DI) filter scheme (Leuthold et al., 2000; Leuthold et al., 2004b). 
The PROF scheme can be understood as follows. As seen in Fig. 5 the probe signal Pcnv is 
cross-phase modulated by the control signal Pin, the Pinv signal after the SOA comprises a 
leading red-chirped (negative frequency variation with respect to time) component followed 
by a trailing blue-chirped (negative frequency variation with respect to time) component 
due to SOA carrier recovery.  The Pinv signal also has a cw tone from the Pcnv signal. The 
PROF suppresses the cw tone and splits off the red and blue-chirped spectral components, 
which are subsequently recombined. This leads to a beating between the two signals that 
results in a strong and narrow converted pulse if the temporal delay between the two pulses 
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is adapted correctly. A schematic of the filter is depicted in Fig. 6(a) and the passband of the 
filter around the cw frequency fcw is shown in the right part of Fig. 6(a). 
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Fig. 6. Three different optical filter concepts for performing wavelength conversion. In the 
PROF scheme (a), the red- and blue-chirped spectral components are selected and combined 
with a proper temporal delay Δt between two paths. In the RSOF scheme (b), the red-
chirped spectral component is selected and the blue-chirped spectral component is blocked 
(indicated with a symbol “X”). In the BSOF scheme (c), the blue-chirped spectral component 
is selected and the red-chirped spectral component is blocked. 

The RSOF and BSOF schemes are similar to the PROF scheme, as shown in Fig. 6(b) and (c). 
Yet, either the red-chirped or the blue-chirped spectral components from the converted 
signals are selected by the respective filter, while the blue-chirped or the red-chirped 
spectral components are blocked as indicated by a symbol “X” in Fig. 6(b) and (c). With a 
proper choice of the BSOF’s or RSOF’s shape, the output signal Pcv shows a predetermined 
pulse shape. 
The PROF, RSOF, and BSOF schemes exploit the fast chirp effects in the converted signal 
after the SOA, and are successful in performing high-speed wavelength conversion. 
However, so far it is not clear, if these schemes with optical filters can successfully overcome 
pattern effects at highest speed. In next section, we will investigate how to mitigate the 
pattern effect by using optical filters. 
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3.2 Pattern effect mitigation using a pulse reformatting optical filter 
The scheme for the all-optical wavelength conversion with simultaneous pattern effect 
mitigation is shown in Fig. 7. The setup comprises an SOA followed by a pulse reformatting 
optical filter (PROF). The current PROF is built with discrete components, so that any 
parameters can be detuned and optimized individually. The PROF consists of a blue shifted 
optical filter (BSOF) and a red shifted optical filter (RSOF). An optical delay (OD) and a 
variable optical attenuator (VOA) were added after the RSOF. A conventional band-pass 
filter (BPF) has been added at the output of the PROF to curtail the spectrum of the 
converted signal to the ITU channel passband. 
 

 
Fig. 7. (a) Wavelength conversion scheme with an SOA followed by a pulse reformatting 
optical filter (PROF), which transfers an inverted signal with strong pattern effect to non-
inverted and pattern dependency removed signal. OD: optical delay, VOA: variable optical 
attenuator. (b) Transmission spectrum of PROF (dashed lines: calculated; solid line: as used 
in experiment). (c) Group delay of the PROF used in experiment. The dashed line is 
obtained from linear fitting. 

The wavelength conversion with simultaneous pattern effect mitigation works as follows. A 
data signal modulates both the gain and the refractive index of the SOA thereby impressing 
the information in an inverted manner onto another continuous wave (cw) signal. Fig. 8(a) 
shows the pattern and power spectrum of the inverted cw signal behind the SOA. The leading 
edges of the converted light pulses are spectrally red-shifted (RS) whereas the trailing edges 
are blue-shifted (BS). In our scheme, we now split off the RS and the BS spectral components. 
The respective pattern and spectra are depicted in Fig. 8(b) and (c). The signal qualities of the 
respective signals are 13.0 dB and 7.9 dB. It can be noticed that the two signals have 
complimentary pattern effects. While the RS pattern shows an overshoot in the first bit in a 
sequence of ‘1’s, the BS pattern undershoots particularly the first bit in a long sequence of ‘1’s. 
When the two signals are combined – after introducing a proper delay and attenuation onto 
the RS signal – the two complimentary patterns compensate to each other, resulting in a non-
inverted signal with a signal quality of as much as 17.8 dB. The pattern, eye diagram and the 
spectrum of the combined, wavelength converted signal are shown in Fig. 8(d). 
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is adapted correctly. A schematic of the filter is depicted in Fig. 6(a) and the passband of the 
filter around the cw frequency fcw is shown in the right part of Fig. 6(a). 
 

Δtred

blue

Pinv Pcv

(a) Pulse reformatting optical filter (PROF)

(b) Red-shift optical filter (RSOF)

(c) Blue-shift optical filter (BSOF)

red

blue

Pinv Pcv

red

blue

Pinv Pcv

X

X

fcw

PROF 
Spectrum

fcw

f

f

fcw

BSOF 
Spectrum

f

RSOF 
Spectrum
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with a proper temporal delay Δt between two paths. In the RSOF scheme (b), the red-
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(indicated with a symbol “X”). In the BSOF scheme (c), the blue-chirped spectral component 
is selected and the red-chirped spectral component is blocked. 
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pulse shape. 
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However, so far it is not clear, if these schemes with optical filters can successfully overcome 
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complimentary pattern effects. While the RS pattern shows an overshoot in the first bit in a 
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Fig. 8. Wavelength conversion experiment results, bit pattern (left column), eye diagram 
(middle column) and spectra with the filter shape (right column). Spectra are centred at the 
cw carrier frequency fcw. (a) Inverted converted signal after the SOA, (c)–(d) RS, BS and 
combined signal. 
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the SOA. The pseudo-random data with a sequence length of 211 –1 had a quality factor Q2 = 
19.8 dB. A cw signal with Pcw between −4 and 16 dBm and λcw = 1536.1 nm was coupled into 
the SOA. It became the wavelength converted signal. The bulk SOA of length L = 2.6 mm 
was biased at I = 750 mA. The non-saturated and saturated gain was 23 and 3 dB. The SOA 
recovery time (10% to 90%) was ~ 45 ps and polarization sensitivity was 0.5 dB. The plots in 
Fig. 8 have been recorded with a signal input power of 12.7 dBm and a cw power of 16 dBm. 
For this experiment we used two thin-film optical filters to realize the PROF. The 
parameters of the detuned filters are given in Table 1, 
The optimum mode beating between red- and blue-chirped signals is obtained when two 
signals have similar amplitudes and the time delay between the red- and blue chirp 
vanishes (Leuthold et al., 2004). In our case we attenuated and delayed the red-chirped 
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Filter  Center λ [nm] 0.5 dB bandwidth [nm] 30 dB bandwidth [nm] PMD [ps] 
RSOF  1536.683 1.002 2.121 ≤  0.10 
BSOF  1535.352 1.035 2.148 ≤  0.10 

Table 1. Parameters of filters used. PMD: polarization mode dispersion. 
signals by ~5 dB and 10 ps with respect to the blue-chirped signal. The transfer function of 
the optimized PROF has been measured. In Fig. 7(b) and (c), the transmission spectrum and 
group delay spectrum are depicted as solid lines. The ideal PROF filter transmission 
spectrum as derived from a calculation is plotted into the same figure (dashed lines). The 
PROF filter used in the experiment and the ideal filter are fairly similar. The Q2-factors 
reported in Fig. 8 were recorded for the best combined signal. In our case, by varying the 
position of the filters, the Q2-factor of the BS signal could be as good as 9.9 dB, while the Q2-
factor of the RS signal could not be improved beyond the 13 dB reported above. 
The PROF scheme uses both the red- and blue-shifted spectral components, thus keeps all 
the information in the spectrum. This advantage leads a to a large input power dynamic 
range, in which a good signal quality is kept. In our experiments, we obtained a Q2-factor of 
15.8 dB with an input power (λin = 1530 nm) of as low as −4.3 dBm while a cw power (λcw = 
1536.1 nm) is −4 dBm. At an input data power of 12.9 dBm, which is the available maximum 
in our experiment, and a cw power of 14.7 dBm, we also got a Q2-factor of 18.2 dB. In fact, 
throughout this input power dynamic range of at least 17.2 dB with an adjustment of the cw 
power, we always got Q2-factors above 15.6 dB, shown in Fig. 9. Note that the cw power 
adjustment for respective input data powers was stopped as long as we have a Q2-factor 
above 15.6 dB. All of Q2 values were measured with a bit-error rate test (BERT) and then 
interpolated from the inverse complementary error function. Yet, as it is not clear on what 
noise distribution we have after an all-optical wavelength conversion operation. The Q2 
values may differ based on the method used. However, the quantitative values given here 
are still indicative for the quality of the signal. 
 

 
Fig. 9. Signal qualities of the converted signal for various input data powers without 
adaptation of filter parameters but with adaptation of the cw input power levels, while λin = 
1530 nm and λcw = 1536.1 nm. Eye diagram for Pin = −4.3 dBm and 9.9 dBm are given in (a) 
and (b) respectively. 
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Fig. 9. Signal qualities of the converted signal for various input data powers without 
adaptation of filter parameters but with adaptation of the cw input power levels, while λin = 
1530 nm and λcw = 1536.1 nm. Eye diagram for Pin = −4.3 dBm and 9.9 dBm are given in (a) 
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Fig. 10. Signal qualities of the converted signal for various cw wavelengths without 
adaptation of filter parameters, while the cw power Pcw = 14.7 dBm and the input power Pin 
= 12.9 dBm at λin = 1530 nm. Eye diagrams for λcw = 1536.05 dBm, 1536.15 dBm and 1536.3 
nm are given in (a), (b) and (c) respectively. 

Except a large input power dynamic range, the PROF scheme features a large tolerance of 
the operating wavelength. In the experiment, we kept the input power Pin = 12.9 dBm at λin 
= 1530 nm and the cw power Pcw = 14.7 dBm, while the operating wavelength of the cw 
signal λcw varied from 1536.0 nm to 1536.4 nm. The measured Q2-factor is depicted in left 
part of Fig. 10. We see that a wavelength tolerance for a Q2-factor above 15.6 dB is about 0.29 
nm. Eye diagram for λcw = 1536.05 nm, 1536.15 nm and 1536.3 nm are given in Fig. 10(a), (b) 
and (c) respectively. All the eyes are clean and open.  

3.3 Complementary pattern effects in the XPM-induced chirp 
Now we investigate the complementary pattern effects in the XPM-induced red and blue chirp 
of the inverted signal. The complementary pattern effects have their origin in the carrier 
dynamics of the SOA. We therefore used an SOA model from (Wang et al., 2007) that 
encompasses both slow and fast carrier recovery effects. The parameters in (Wang et al., 2007) 
were adapted for the current SOA and validated experimentally. Two second-order Gaussian 
filters with a 3dB bandwidth of 120 GHz were used as the RSOF and the BSOF in the 
simulation to select the spectral components. Simulation results are given in Fig. 11. An 
exemplary input data signal with a bit pattern “0111”, Fig. 11(a), is launched into the SOA. Fig. 
11(b) shows the gain evolution with time. The gain decreases with the leading edge of each 
input pulse and recovers with the falling edge of each pulse. Further, with each sub-sequent 
bit the SOA gain gradually saturates. Due to Kramers-Kronig relation, a gain change is always 
accompanied by a phase-shift ΔϕNL, whose variation per time increment Δt in consequence 
determines the instantaneous frequency shift Δf (i.e. chirp, see formula of Fig. 11(c)). The 
leading edges of the input pulses induce a red chirp, while the trailing edges induce a blue 
chirp, Fig. 11(c). As we will see below, these two chirps have different pattern dependences. 

Pattern Effect Mitigation Technique using Optical Filters  
for Semiconductor-Optical-Amplifier based Wavelength Conversion   

 

159 

We first study the pattern dependence of the signal after the RSOF. The first “1” bit in the 
pulse train induces strong carrier depletion and a large gain reduction Fig. 11(b). A strong 
carrier-depletion induces a large phase-shift and consequently a large red chirp on the 
leading edge, Fig. 11(c). For subsequent “1” pulses, the SOA does not fully recover. The gain 
for subsequent “1” pulses is smaller than for the first “1” bit. Therefore the carrier depletion 
decreases. As the gain reduction due to the carrier depletion decreases, the induced red 
chirp decreases as well, low part of Fig. 11(c). This decreasing red chirp however, by means 
of the RSOF filter transfer function (see 1,2,3 in Fig. 11(d)), and the increasing gain 
saturation create a bit pattern with decreasing power level, shown in Fig. 11(e) bottom.  
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Fig. 11. Complementary pattern effects by frequency-amplitude conversion through 
differently centred filters. (a) Input data pulse train. (b) Simulated gain evolution in SOA 
and (c) induced frequency chirp in the inverted signal. (d) Schematic filter shape of the 
BSOF and the RSOF. (e) Pattern dependence in blue and red-spectral components after 
sending signal (b) with chirp (c) through filter plotted in (d). Dashed lines in (a), (b) and (c) 
indicate the time positions of the input three pulses. 
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of the inverted signal. The complementary pattern effects have their origin in the carrier 
dynamics of the SOA. We therefore used an SOA model from (Wang et al., 2007) that 
encompasses both slow and fast carrier recovery effects. The parameters in (Wang et al., 2007) 
were adapted for the current SOA and validated experimentally. Two second-order Gaussian 
filters with a 3dB bandwidth of 120 GHz were used as the RSOF and the BSOF in the 
simulation to select the spectral components. Simulation results are given in Fig. 11. An 
exemplary input data signal with a bit pattern “0111”, Fig. 11(a), is launched into the SOA. Fig. 
11(b) shows the gain evolution with time. The gain decreases with the leading edge of each 
input pulse and recovers with the falling edge of each pulse. Further, with each sub-sequent 
bit the SOA gain gradually saturates. Due to Kramers-Kronig relation, a gain change is always 
accompanied by a phase-shift ΔϕNL, whose variation per time increment Δt in consequence 
determines the instantaneous frequency shift Δf (i.e. chirp, see formula of Fig. 11(c)). The 
leading edges of the input pulses induce a red chirp, while the trailing edges induce a blue 
chirp, Fig. 11(c). As we will see below, these two chirps have different pattern dependences. 
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leading edge, Fig. 11(c). For subsequent “1” pulses, the SOA does not fully recover. The gain 
for subsequent “1” pulses is smaller than for the first “1” bit. Therefore the carrier depletion 
decreases. As the gain reduction due to the carrier depletion decreases, the induced red 
chirp decreases as well, low part of Fig. 11(c). This decreasing red chirp however, by means 
of the RSOF filter transfer function (see 1,2,3 in Fig. 11(d)), and the increasing gain 
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Fig. 11. Complementary pattern effects by frequency-amplitude conversion through 
differently centred filters. (a) Input data pulse train. (b) Simulated gain evolution in SOA 
and (c) induced frequency chirp in the inverted signal. (d) Schematic filter shape of the 
BSOF and the RSOF. (e) Pattern dependence in blue and red-spectral components after 
sending signal (b) with chirp (c) through filter plotted in (d). Dashed lines in (a), (b) and (c) 
indicate the time positions of the input three pulses. 
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The bit pattern of the signal behind the BSOF can be understood as follows. The gain re-
covers with the trailing edge of the first “1” pulse, creating a blue chirp. With subsequent 
bits launched into the SOA, the SOA is further saturated and the overall gain G decreases 
with following “1” bits. In turn the carrier depletion due to stimulated emission is now 
weaker while the current injection is unchanged. As a consequence, the carrier recovery rate 
is faster for subsequent pulses. This leads to a stronger blue-chirp as also observed in the 
simulation depicted in Fig. 11(c). By positioning the strongest blue-chirped signals closest to 
the centre of the BSOF passband, Fig. 11(d), transmission of the strongest chirped pulse is 
favoured. This leads to an increasing power level for the tails of longer patterns, shown in 
Fig. 11(e) top. The coherent superposition of the red- and blue-shifted signal with opposite 
patterns then leads to the pattern effect compensated output, Fig. 11(d). The scheme works 
well, as long as the frequency-amplitude conversion at the slope of the BSOF can over-
compensate the gain saturation. Simulations show that results do not change for a 3 dB filter 
bandwidth of 80 to 220 GHz. 

7. Conclusion 
In this work, we investigate an SOA-based all-optical wavelength conversion scheme with 
an assisting optical filter after the SOA. The technique utilizes the complementary pattern 
effects of the XPM induced red and blue chirp in SOAs. By carefully selecting the optical 
filters and compensating the complementary pattern effects in the red and blue chirp to each 
other, a pattern effect mitigated converted signal is obtained. These advantages lead to a 
larger operation wavelength tolerance and a large input power dynamic range, in which a 
good signal quality is kept. This scheme is experimentally demonstrated having a ~0.3 nm 
operation wavelength range and over 17 dB input power dynamic range. This concept has 
been demonstrated at 40 Gbit/s, however, the general principle holds for higher speed. 
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1. Introduction

The optical signals degrade as travel down the optical link due to the optical fiber properties
such as chromatic dispersion, polarization mode dispersion, polarization dependent loss,
polarization dependent gain and various fiber nonlinear effects, which are considered as
limitations in the high-speed, lang-haul fiber communication systems. Where chromatic
dispersion causes different wavelengths to travel at different group velocities in single-mode
transmission fiber and it has become a major source of transmission degradation due to
the continuing increase of the bit rate and distance in high-speed long-distance optical
communication systems (Kaminow et al., 2008). In the long-haul optical fiber communication
systems or optical fiber communication networks, the accumulated chromatic dispersion is
managed by creating a dispersion “map”, in which the designer of a transmission optical
fiber link alternates elements that produce positive and the negative chromatic dispersion. In
this dispersion “map”, the dispersion has some nonzero value at each point along the optical
fiber link, the degradations, from nonlinear effects such as four-wave-mixing (FWM) and cross
phase modulation (XPM), are effectively eliminated, but the total accumulated dispersion is
near to zero at the end of the optical fiber link (Kaminow & Li, 2002). It seems that there
need not other dispersion compensation techniques any more. Unfortunately, chromatic
dispersion changes with dynamic optical fiber network reconfiguration and variation with
environmental conditions such as temperature in practice (Agrawal, 2002). This dynamical
action causes dynamical residual chromatic dispersion in a dynamical fiber link. In addition,
signal tolerance to accumulated chromatic dispersion diminishes as the square of the bit
rate. Therefore, 40Gbit/s signals are 16 times more sensitive to chromatic dispersion than
10Gbit/s signals. The signal tolerance to chromatic dispersion is restricted about 50ps/nm in
single channel speed 40Gbit/s fiber communication systems, so there requires more carefully
chromatic dispersion management. The residual chromatic dispersion of a dynamical fiber
link can easily extend the tolerance in those high speed fiber communication systems, they
need more precise and dynamical monitoring and compensation methods (Pan, 2003).
Many novel and effective dispersion compensation methods have been proposed (Kaminow
& Li, 2002) (Pan, 2003), and they are included, dispersion compensating fibers, linear-chirped
fiber Bragg gratings etc., for fixed dispersion compensation. The dispersion compensating
fibers have negative dispersion, which can compress the extended signal pulses due to the
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positive dispersion of the single-mode transmission fibers. These dispersion compensating
fibers can be made by conventional optical fiber fabrication technics and can also be made by
photonic crystals — a novel new optoelectronic technology (Sukhoivanov et al, 2009), called
microstructured fibers or photonic crystal fibers with many periodic-arrayed air-holes and
one or many defects in the fiber cross section (Bjarklev et al, 2003). Due to the complicated
cross section structure, many excellent optical properties can be obtained by careful selecting
the photonic crystal fiber structure parameters, such as photonic crystal fibers with large
negative dispersion can be achieved. (Chen et al., 2010) Optical fiber Bragg gratings with
linear-chirp have emerged as powerful tools for chromatic dispersion compensation because
of their potential for low loss, small footprint, and low optical nonlinearities (Sukhoivanov
et al, 2009). Fiber Bragg gratings are section of single-mode fiber in which the refractive
index of the core is modulated in a periodic fashion as a function of the spatial coordinate
along the length of the optical single-mode fiber (Kashyap et al, 2009). In chirped fiber
gratings, the Bragg matching condition for different positions along the grating length, thus
the different wavelength is reflected at different position. As a result, the extending signal
pulses can be compressed by careful tailing the chirp profile of the fiber gratings (Kaminow
& Li, 2002). Fiber Bragg gratings, achieved by sampled fabricating techniques, can be used
for chromatic dispersion compensation in multichannel optical communication systems, such
as wavelength division multiplexing (WDM) fiber communication system (Ibsen et al., 1998).
And those with nonlinear chirped profiles can be used to achieve dynamical compensation
in optical fiber communication systems with variable and unpredictable residual chromatic
dispersion. When using a nonlinear chirp profile, the chromatic dispersion can be tuned by
simply stretching the grating or heating the grating with heat-conduction coatings because of
the sensitiveness of the reflection spectrum and group delay with grating structure, stress and
temperature (Sun et al., 2006). Based on a thermally tunable nonlinear chirped fiber grating,
we have achieved a tunable chromatic dispersion compensation system for optical fiber
communication system with single channel speed 40Gbit/s and carrier suppressed return to
zero (CSRZ) modulation format (Chen et al., 2007). The fiber grating is covered with uniform
thin metal electric-conducting film which can add voltage to heat up. when the fiber grating is
added voltage and has current in the electric-conducting film, the fiber grating is heated and
then the temperature is changed, the reflection spectrum and group delay is also changed.
We can control the group delay at certain wavelength by control the voltage added in the
film-covered optical fiber grating. In our system, the measured chromatic dispersion can be
varied from -60ps/nm to -260ps/nm for wavelength 1553.40nm.
The schematic common chromatic dispersion compensation system is shown in Fig.1. It is
mainly consisted by a chromatic dispersion compensation module, a chromatic dispersion
monitoring module and an optical fiber coupler, as shown in Fig.1. The optical signal
with accumulated residual chromatic dispersion from optical fiber link is firstly sent into
the chromatic dispersion compensation module. After compensating, the optical signal is
sent into the optical fiber link again, and some power of the compensated optical signal
is separated from the optical fiber link by the optical fiber coupler after the chromatic
dispersion compensation module and is sent into the chromatic dispersion monitoring
module, which includes an optical receiver, some electrical signal processing modules and
relevant computer algorithms. This chromatic dispersion monitoring module can generates
an electrical control signal for the chromatic dispersion compensation module according to
one or certain parameters of the input optical signal. The one or certain parameters are relating
to the accumulated residual chromatic dispersion of the fiber communication system links
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Fig. 1. Dispersion compensation system. The blue solid line denotes optical signal withdraw
from optical fiber link after dispersion compensation and the red that denotes electric control
signal come from dispersion monitoring module.

(Kaminow & Li, 2002) (Pan, 2003) (Hong, 2002).
Dynamical chromatic dispersion management has become a critical issue for high-bit-rate
transmission systems, especially for systems with speeds beyond 10Gbit/s, and
reconfigurable optical networks, because the accumulated chromatic dispersion can easily go
beyond the optical communication systems’ tolerance. Chromatic dispersion management,
in high speed optical communication systems, is very difficult and needs effective high
speed response chromatic dispersion monitoring methods, as shown in Fig.1. The range
and precision of the monitoring methods decide the range and precision of the chromatic
dispersion compensation systems (Seyed Mohammad Reza Motaghian Nezam, 2004).
Previous works on chromatic dispersion monitoring have resulted in the development of
numerous approaches, such as detecting the intensity modulating from phase modulation
(Ji et al., 2004), modulating the frequency of the transmitted data signal and monitoring
the clock deviation (Pan et al., 2001), inserting in-band subcarriers in the transmitter and
monitoring their radio frequency tones (Ning et al., 2006) (Luo et al., 2006), adding an
amplitude modulated double sideband subcarrier to the signal and measuring the phase
delay between two subcarrier tones (Wang et al., 2006), extracting the clock component and
measuring its radio frequency (RF) power (Inui et al., 2002), extracting two single sideband
sideband components of the data signal and detecting their phase difference (Hirano et
al., 2002), employing nonlinear optical detection (Wielandy et al., 2004) (Li et al., 2004),
measuring the chromatic dispersion induced distortion using a peak detector (Ihara et al.,
1999), and so on. In practice, both chromatic dispersion and polarization mode dispersion
are all influent the performance of the high-speed optical fiber communication systems,
and effective simultaneous monitoring methods for chromatic chromatic dispersion and
polarization mode dispersion are necessary. We developed a novel and effective method to
monitor chromatic dispersion and polarization mode dispersion simultaneously using two
polarization-modulation pilot tones with different frequencies (Chen et al., 2007). It has
been demonstrated that radio frequency (RF) output power increase with group velocity
delay (GVD) and differential group delay (DGD) and the power radio of the two pilot tones
increases with GVD and decreases with DGD, thus chromatic dispersion and polarization
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mode dispersion can be distinguished and monitored simultaneously. This is an effective
monitoring method in high-speed optical fiber communication systems.
In this chapter, we demonstrate an other novel in-line dynamical monitoring methods for
chromatic dispersion based on the spectral shift effect of a semiconductor optical amplifier
(Chen et al., 2007). This spectral shift effect is result of the self phase modulation effect in
the semiconductor amplifier. Due to large nonlinearites of semiconductor optical amplifiers,
the spectral shift effect is enhanced, and this effect is impacted by the residual chromatic
dispersion of the optical fiber link, which is optical signal transmitted. Using an optical filter
— a fiber grating, we can obtain the variational power of the spectrum of the optical signals,
and then we can achieve the dynamical chromatic dispersion monitoring in line for a high
speed optical fiber communication system.

2. Monitoring principle based on semiconductor optical amplifiers

In the past two decades, optical communication has changed the we communicate. It
is a revolution that has fundamentally transformed the core of telecommunications, its
basic science, its enabling technology, and its industry. The optical networking technology
represents a revolution inside the optical optical communications revolution and it allows the
letter to continue its exponential growth. Optical networking represents the next advance
in optical communication technology. Semiconductor optical amplifier is a kind of key
devices for all-optical networks (Dutta & Wang, 2006). The advances in research and many
technological innovations have led to superior designs of semiconductor optical amplifiers.
Semiconductor optical amplifiers are suitable for integration and can be used as signal
amplification and functional devices, such as optical demultiplexing, wavelength conversion,
and optical logic elements make them attractive for all-optical network and optical time
division multiplexed systems (Kaminow & Li, 2002) (Kaminow et al, 2008).
The theory of pulse propagation in semiconductors is well known (Shimada et al, 1994).
The semiconductor optical amplifiers are treated as a two-level system. When the carrier’s
intra-band relaxation time τin in the conduction band is induced, solving the problem
become complex. Fortunately, the intra-band relaxation time τin is generally about 0.1 ps in
semiconductor devices. It is supposed that the pulse width of input optical signals τp ≥ 1.0ps,
solving this problem will become very simple. It is to said that the condition τp � τin is always
satisfied. In our research, this condition is easily satisfied. At the same time, given that the
semiconductor optical amplifier cavity is very short, and the dispersion of the waveguide in
the semiconductor optical amplifier can be neglected, and the we can obtained the equations
that described transmission actions of the input pulses in semiconductor optical amplifiers as
follows:

∂P(z,τ)
∂t

= (g(z,τ)− αint) · P(z,τ), (1)

∂φ(z,τ)
∂z

= −1
2

αLEF · g(z,τ), (2)

∂g(z,τ)
∂τ

=
g0 − g(z,τ)

τc
− g(z,τ) · P(z,τ)

Esat
, (3)

where P(z,τ) and φ(z,τ) denote instantaneous power and phase respectively, g(z,τ) is
the saturation gain parameter, αint is the loss coefficient of the semiconductor optical
amplifier cavity, g0 denotes the small signal gain, αLEF is the line-width enhancement
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factor, τ = t − z/υg, υg is the group velocity of the light, and Esat is the saturation of the
semiconductor optical amplifier. Equation (2) describes the self-phase modulation (SPM) of
the semiconductor optical amplifier. Our chromatic dispersion monitoring method is based
on this nonlinear effect.

(a) Waveforms of the amplified Gauss pulses with different peak
power.

(b) Spectra of the amplified Gauss pulses with different peak
power.

Fig. 2. Waveforms and corresponding spectra of the amplified Gauss pulses with different
peak power after amplified by the semiconductor optical amplifier.

Without loss of generality, we show the principle of the chromatic dispersion monitoring
methods using Gauss profile pulses due to their simplicity, although the optical pulses with
the carrier suppressed return to zero modulation format cannot be approximated by Gauss
profile pluses. Firstly, we study the influence on the shape and spectrum of input signal
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(a) Waveforms of the amplified Gauss pulses with different peak
power.

(b) Spectra of the amplified Gauss pulses with different peak
power.

Fig. 2. Waveforms and corresponding spectra of the amplified Gauss pulses with different
peak power after amplified by the semiconductor optical amplifier.

Without loss of generality, we show the principle of the chromatic dispersion monitoring
methods using Gauss profile pulses due to their simplicity, although the optical pulses with
the carrier suppressed return to zero modulation format cannot be approximated by Gauss
profile pluses. Firstly, we study the influence on the shape and spectrum of input signal
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pulses in a semiconductor optical amplifier in theory. In our study, the small signal gain g0
is 30dB, and the spontaneous carrier lifetime τc is 140ps. The line-width enhancement factor
αLEF is decided by the peaks of input signal pulses, and its typical values for semiconductor
lasers and semiconductor optical amplifiers are in the range between 3 to 8 (Shimada et al,
1994). Let αLEF = 5 in our research. The input Gauss profile pulses can be written as:

Ain(τ) =
√

Pinexp
(
− 1 + iC

2

( τ

τ0

)2m)
, (4)

where Pin and C denote peak power and chirp parameter of the input signal pulses,
respectively, m is the pulse amplitude. In order to further simplify this problem, we suppose
the chirp paraments of the input signal pulses to be C = 1 and Gauss function of the order
m = 1. In our theoretical system, the wavelength of the carrier light wave is 1550nm, the pulse
width equals 0.2 bit period, and the single-channel speed of the optical communication system
is 40Gbit/s. The numerical simulating software is Optisystem 6.0 from OptiWave R© Inc. of
Canada.
The waveform shapes and spectra curves of the transmitted pulses with different peak
powers, after amplified by the semiconductor optical amplifier, are shown in Fig. 2. Figure
2(a) shows the waveform shapes and Figure 2(b) shows corresponding spectra curves of
the amplified transmitted optical signal pulses with Gauss profile. In Figure 2(b), the blue
shadowed part indicates the filter band of the band-pass optical filter, which can select
corresponding frequencies’ power to be detected in our chromatic dispersion monitoring
method, which will be demonstrated in detail in the following parts of this chapter. From this
figure, we can conclude that the amplified Gauss pulses lose their symmetry with increasing of
the input light pulse peak power, the leading edge is more sharper compared with the trailing
edge. This is because the leading edge experiences more larger gain than that of the trailing
edge. The spectrum of the amplified optical signals develops a structure with multi-peaks,
with the dominant spectral peak shifting to the long wavelength side (red shift) as the input
pulse peak power increases. The physical mechanism behind the spectral shift and distortion
is the self phase modulation, which occurs as a result of index nonlinearities induced by gain
saturation effect.
Our dynamical chromatic dispersion monitoring method is based on the spectral effect
resulted from self phase modulation effect of the semiconductor optical amplifier, as
mentioned previously. As an optical signal pulses transmitting in an optical fiber link with
chromatic dispersion, the peak power of the optical signal pulses are influenced by the
chromatic dispersion. Because the self phase modulation is related to the peak power of the
input pulses, the peak power decides the spectral shift effect. As shown in Figure 2(b), we
can use a band-pass optical filter to obtain the corresponding frequencies’ power and use it to
accomplish online dynamical chromatic dispersion monitoring, because the power depends
on chromatical dispersion of optical communication fiber links sensitively.

3. Experimental System

Figure 3 shows our dynamical chromatic dispersion monitoring system. The optical carrier
comes from the continuous wave (CW) laser with center wavelength 1553.40nm and is sent
into a 40Gbit/s pseudo random binary sequence (PRBS) system with suppressed return to
zero modulation format is shown in Figure 4. As shown in this figure, the optical carrier
frequency — 1553.40nm, is wholly suppressed, the frequency difference of the two first-order
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harmonic wave peaks is 40GHz, and the frequency difference is also 40GHz between the
high-order (order>1) harmonic waves and the neighboring lower-order harmonic waves.

Fig. 3. Experimental system of dispersion monitoring based on semiconductor optical
dispersion spectral shift effect.

Output optical signals from the pseudo random binary sequence system are transmitted
into an optical fiber link that consists of some single-mode fibers with positive chromatic
dispersion and some conventional dispersion compensation fibers with negative chromatic
dispersion. In order to simulate the dynamical residual chromatic dispersion of a dynamical
fiber links, we can obtain different chromatic dispersion values for the experiment by
changing the length of single-mode fibers and that of the dispersion compensation fibers.
The optical signals are then transmitted in to a dynamical chromatic dispersion compensation
module, which can compensate the remnant chromatic dispersion using the monitoring signal
from our proposed chromatic dispersion monitoring method. This dispersion compensation
module is based on a thermally tunable optical fiber grating (Sun et al., 2006) (Chen et al.,
2007). Output from compensation system, the optical signal stream is sent to an optical fiber
coupler and is split into two signal streams with different optical power, the optical power
ratio of the two signal streams is 20:80. One signal stream with large optical power is received
by a digital sampling, oscilloscope after an attenuator. The other signal stream with small
optical power is more further split into other two signal streams with the same optical power
after going through a semiconductor optical amplifier and an isolator by a 3dB optical fiber
coupler. one is received by an optical detector at an obtained optical power P2 ; another
is received by other optical detector at an obtained optical power P1 after an optical fiber
circulator and an optical fiber grating that can reflect parts of the spectrum denoted by part I,
part II and part III, as shown in Figure 4. The semiconductor optical amplifier is a product of
the Center for Integrated Photonics R© (CIP) Ltd. of the United Kingdom. The product type is
SOA-NL-OEC-1500.
If we only used the optical power P1 to monitor the chromatic dispersion of the optical fiber
communication links, it is influenced easily by the optical power fluctuation in the optical fiber
communication system links. In order to avoid this influence, in our dynamical chromatic
dispersion monitoring method, we use the radio (P1/P2) of the obtained optical power P1 to
the obtained optical power P2 to monitor the remnant chromatic dispersion of a high speed
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is the self phase modulation, which occurs as a result of index nonlinearities induced by gain
saturation effect.
Our dynamical chromatic dispersion monitoring method is based on the spectral effect
resulted from self phase modulation effect of the semiconductor optical amplifier, as
mentioned previously. As an optical signal pulses transmitting in an optical fiber link with
chromatic dispersion, the peak power of the optical signal pulses are influenced by the
chromatic dispersion. Because the self phase modulation is related to the peak power of the
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coupler and is split into two signal streams with different optical power, the optical power
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optical power is more further split into other two signal streams with the same optical power
after going through a semiconductor optical amplifier and an isolator by a 3dB optical fiber
coupler. one is received by an optical detector at an obtained optical power P2 ; another
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circulator and an optical fiber grating that can reflect parts of the spectrum denoted by part I,
part II and part III, as shown in Figure 4. The semiconductor optical amplifier is a product of
the Center for Integrated Photonics R© (CIP) Ltd. of the United Kingdom. The product type is
SOA-NL-OEC-1500.
If we only used the optical power P1 to monitor the chromatic dispersion of the optical fiber
communication links, it is influenced easily by the optical power fluctuation in the optical fiber
communication system links. In order to avoid this influence, in our dynamical chromatic
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the obtained optical power P2 to monitor the remnant chromatic dispersion of a high speed
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optical fiber communication system, because the optical power radio is independent of the
optical power variety in the optical fiber communication system links.
As mentioned previously, similar to the optical spectrum of Gauss profile pulses shown in
Figure 2(b), the peak of the amplified output optical spectrum will shift toward the more
longer wavelength side as the peak power of input pulses increases, as shown in Figure 5. The
amplified output optical spectrum symmetry is lost. The optical power of the long wavelength
side is higher than that of the short wavelength side.

Fig. 4. Back to back spectrum of optical signals in high speed optical communication system
with 40Gbit/s single-channel speed.

Fig. 5. Spectrum of output optical signals after amplified by the semiconductor optical
amplifier in high speed optical communication system with 40Gbit/s single-channel speed.

172 Advances in Optical Amplifiers
Chromatic Dispersion Monitoring Method Based
on Semiconductor Optical Amplifier Spectral Shift Effect in 40 Gb/s Optical Communication Systems 9

(a) Monitoring curve using optical fiber grating filter with center
wavelength 1553.72nm

(b) Monitoring curve using optical fiber grating filter with center
wavelength 1554.04nm

Fig. 6. Dispersion monitoring curves using optical fiber grating filter with center
wavelengthes 1553.72nm and 1554.04nm, respectively.

To obtain an optimal chromatic dispersion monitoring signal, one needs to filter part of the
output amplified spectrum to detect the optical power of spectral shift components. However,
because the distribution of the spectral shift resulting from self phase modulation effect spans
a wide frequency range, it needs an optimal scheme of the filter that can output the power
of spectral shift components for chromatic dispersion monitoring. As shown in Figure 4, the
power of each separate harmonic wave peak is higher than the shift frequencies’ power due
to the frequency shift effect. Thus, the separate harmonic wave peaks should be excluded
from the filter pass-band. The short wavelength spectrum side is not suited for chromatic
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because the distribution of the spectral shift resulting from self phase modulation effect spans
a wide frequency range, it needs an optimal scheme of the filter that can output the power
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to the frequency shift effect. Thus, the separate harmonic wave peaks should be excluded
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dispersion monitoring due to its multi-peaks structure, as shown previously. We divide the
spectrum of the long wavelength side into three parts, (part I, part II and part III masked
by three colored shadows, as shown in Figure 4 and 5) with frequency ranges 20-60 GHz,
60-100 GHz and 100-140GHz offset from center frequency (the wavelength is 1553.40 nm) of
the optical spectrum, respectively. The spectral range part III beyond the wavelengths of part
II is ignored due to low optical power.
It will be proved that the more narrow the band filter used, the more chromatic dispersion
monitoring precision can be achieved in our method, but the output power will be too low
to detect and can fail more easily due to the noise of the photoelectric diodes and optical
amplifiers. In our method, the 3dB reflective band of the optical grating is 20 GHz; thus, we
can obtain enough optical power to monitor chromatic dispersion and exclude the harmonic
wave peaks from the pass band of the filter by careful choosing the filter center wavelength.
In order to obtain preferable monitoring conditions, we use two optical fiber gratings filters
with center wavelengths of 1553.72nm and 1554.04nm respectively for our analysis and
discussion. The 3dB reflective bands of the two optical fiber grating filters are all 20GHz,
i.e. their reflective bands are all 0.16nm. The reflective band of the optical fiber grating filter
with center wavelength 1553.72nm is stood in part I and other is located in part II, as shown
in Figure 4 and Figure 5.

Fig. 7. Dependence of the chromatic dispersion monitoring precision on the filter center
wavelength without the influence of the power of the signal peaks.

Figure 6 shows the chromatic dispersion curves in high speed optical fiber communication
system with a single-channel speed of 40Gbit/s and suppressed return to zero (CSRZ)
modulation format using the two optical fiber grating filters, which have mentioned above.
Using the optical fiber grating filter with center wavelength 1553.72nm, the chromatic
dispersion monitoring range is ±120ps/nm and the monitoring precision is about 10ps/nm,
as shown in Figure 6(a). However, using the optical fiber grating filter with center wavelength
1554.04nm, the chromatic dispersion monitoring range is ±60ps/nm and the monitoring
precision is higher than 5ps/nm, as shown in Figure 6(b). It can conclude that we can achieve
more smaller chromatic dispersion monitoring range and more higher monitoring precision
if we used an optical fiber grating filter with center wavelength located in part III of the
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suppressed return to zero modulation format signals’ spectrum curve, as shown in Figure
4 and 5.

(a) Signal eye diagram of before chromatic dispersion
compensation.

(b) Signal eye diagram of afert chromatic dispersion
compensation.

Fig. 8. Signal eye diagrams tested by Tektronix R© TDS8200 digital sampling oscilloscope of
before and after chromatic dispersion compensation.

Figure 7 shows the dependence of the chromatic dispersion monitoring precision on the
optical fiber grating filter center wavelength without the influence of the power peaks of the
signals, because these peaks are excluded out of the pass band of the optical fiber grating
filter by careful choosing the filter center wavelength. We concluded that the longer the center
wavelength of the optical fiber grating filter used, the more chromatic dispersion monitoring
precision can be achieved. In practice, we must choose an optimal optical fiber grating filter
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Figure 7 shows the dependence of the chromatic dispersion monitoring precision on the
optical fiber grating filter center wavelength without the influence of the power peaks of the
signals, because these peaks are excluded out of the pass band of the optical fiber grating
filter by careful choosing the filter center wavelength. We concluded that the longer the center
wavelength of the optical fiber grating filter used, the more chromatic dispersion monitoring
precision can be achieved. In practice, we must choose an optimal optical fiber grating filter
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to obtain the optimal monitoring range and optimal monitoring precision for the dynamical
chromatic dispersion in high-speed optical fiber communication systems. For a high speed
optical communication system with a single-channel speed of 40 Gbit/s and suppressed
return to zero modulation format, in the chromatic disoersion monitoring system, the best
filter with a center wavelength of 1554.04 nm can be selected.
The eye diagrams of the optical fiber communication system with remnant chromatic
dispersion of 60 ps/nm, before and after chromatic dispersion compensation, are shown in
Figure 8. These eye diagrams were obtained by a Tektronix R© TDS8200 digital sampling
oscilloscope. Figure 8(a) is an eye diagram before chromatic dispersion compensation, and
Figure 8(b) is a corresponding eye diagram after chromatic dispersion compensation. It can be
concluded that our dynamical dispersion monitoring method, based on semiconductor optical
amplifier spectral shift effect, is preferable for a high speed optical fiber communication
system with a single-channel speed of 40 Gbit/s and suppressed return to zero modulation
format.

4. Conclusion and Discussion

We demonstrated a dynamical chromatic dispersion monitoring method for high speed
optical fiber communication systems. This method is based on the spectral shift resulting from
self phase modulation of semiconductor optical amplifier. The more longer the wavelength
components used for chromatic dispersion monitoring, the more monitoring precision of
this method can be achieved, but the monitoring range becomes small simultaneously.
Thus, in practice we must carefully consider the chromatic dispersion monitoring range and
monitoring precision at the same time. This can be achieved by choosing an optimal optical
fiber grating filter. For a high speed optical fiber communication system with a single channel
speed of 40Gbit/s and suppressed return to zero format modulation, we use the optical fiber
grating, with center wavelength and band width of 1554.04 nm and 20GHz respectively, as the
optical filter. The chromatic dispersion monitoring range is ± 60 ps/nm and the chromatic
dispersion monitoring precision is higher than 5 ps/nm in our method. Therefore, this
technique is promising for use in remnant chromatic dispersion online monitoring in 40Gbit/s
optical communication systems. In addition, it can be used for other high speed optical fiber
communication systems by minimized modification.
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to obtain the optimal monitoring range and optimal monitoring precision for the dynamical
chromatic dispersion in high-speed optical fiber communication systems. For a high speed
optical communication system with a single-channel speed of 40 Gbit/s and suppressed
return to zero modulation format, in the chromatic disoersion monitoring system, the best
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system with a single-channel speed of 40 Gbit/s and suppressed return to zero modulation
format.

4. Conclusion and Discussion

We demonstrated a dynamical chromatic dispersion monitoring method for high speed
optical fiber communication systems. This method is based on the spectral shift resulting from
self phase modulation of semiconductor optical amplifier. The more longer the wavelength
components used for chromatic dispersion monitoring, the more monitoring precision of
this method can be achieved, but the monitoring range becomes small simultaneously.
Thus, in practice we must carefully consider the chromatic dispersion monitoring range and
monitoring precision at the same time. This can be achieved by choosing an optimal optical
fiber grating filter. For a high speed optical fiber communication system with a single channel
speed of 40Gbit/s and suppressed return to zero format modulation, we use the optical fiber
grating, with center wavelength and band width of 1554.04 nm and 20GHz respectively, as the
optical filter. The chromatic dispersion monitoring range is ± 60 ps/nm and the chromatic
dispersion monitoring precision is higher than 5 ps/nm in our method. Therefore, this
technique is promising for use in remnant chromatic dispersion online monitoring in 40Gbit/s
optical communication systems. In addition, it can be used for other high speed optical fiber
communication systems by minimized modification.
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1. Introduction

The generation of continuously tunable optical delays and tunable phase shifts is a key
element in microwave photonics. Among the targeted applications, one can quote the filtering
of microwave signals, the synchronization of optoelectronics oscillators, and the control of
optically fed phased array antennas. With these applications in view, large efforts are currently
done in order to develop delay lines and phase shifters based on slow and fast light effects. To
date, one of the most mature approaches for integration in real field systems is that based
on Coherent Population Oscillations (CPO) in Semiconductor Optical Amplifiers (SOAs).
This approach offers compactness, continuous tunability of the delay or phase shift through
injected current control, and possible high-level parallelism.
Slow and fast light capability of semiconductor devices has been first studied in the past
decade while bearing in mind the delays, the phase shifts and the bandwidth they can
offer. Consequently, in a first section, we present the recent advances in architectures
based on slow and fast light in SOAs for microwave photonics applications. After a
brief introduction about microwave photonics, we present the physical interpretation of
the different architectures proposed in the literature. We point out the underlying physics,
common to these architectures, and evidence the advantages and drawbacks of each of them.
However, within the scope of integration in a realistic radar system, it is also required to study
the impact of these slow and fast light architectures on the performances of the microwave
photonics link. In particular, the RF transfer function, the generation of spurious signals
by harmonic and intermodulation products, and the intensity noise, have to be studied in
order to compute the Spurious Free Dynamic Range (SFDR), a key characteristic in microwave
photonics. Consequently, in a second section, we present the tools to simulate and understand
the RF transfer function, the generation of spurious signals through harmonic distortion and
intermodulation products, and the intensity noise at the output of a SOA.
In a third section, we use the models presented in the previous part in order to investigate the
dynamic range of a microwave photonics link including an architecture based on slow and
fast light in SOAs. We focus on the architecture using a SOA followed by an optical filter.
The models are experimentally validated and the influence on the microwave photonics link
is discussed.
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the different architectures proposed in the literature. We point out the underlying physics,
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photonics link. In particular, the RF transfer function, the generation of spurious signals
by harmonic and intermodulation products, and the intensity noise, have to be studied in
order to compute the Spurious Free Dynamic Range (SFDR), a key characteristic in microwave
photonics. Consequently, in a second section, we present the tools to simulate and understand
the RF transfer function, the generation of spurious signals through harmonic distortion and
intermodulation products, and the intensity noise at the output of a SOA.
In a third section, we use the models presented in the previous part in order to investigate the
dynamic range of a microwave photonics link including an architecture based on slow and
fast light in SOAs. We focus on the architecture using a SOA followed by an optical filter.
The models are experimentally validated and the influence on the microwave photonics link
is discussed.

9



2. Background and context

2.1 Slow and fast light for microwave photonics
This section presents microwave photonics and explains why slow and fast light can be useful
for this applied research field.

2.1.1 Microwave photonics link including a slow and fast light device
Microwave photonics realizes processing of microwave signals (Ω/2π � 0.1 - 35 GHz) in
the optical domain using photonic devices. Indeed optics offer some advantages compared
to electronics for the addressing and processing of microwave signals: the most sticking
asset is the low loss transport along an optical fiber (0.2 dB/km) compared to a coaxial cable
(1000 dB/km !). As illustrated in Fig. 1, the basic architecture of a microwave photonics link
is composed of a laser, which creates the optical carrier (λ0 � 1.5 μm). The optical carrier
is modulated by the microwave signal either directly, or through an external Mach Zehnder
modulator. Optical devices (represented on Fig. 1 by "slow and fast light device") process the
modulated carrier. At the end of the link, a fast photodiode retrieves the processed microwave
signal.
The aim of our study is to introduce a slow and fast light device in a microwave photonics
link, as it is represented in Fig. 1. Let us consider a monochromatic microwave signal
(whose angular frequency is Ω) and a linear modulator, the optical field E after the modulator
is then composed of the optical carrier E0(z)e−iω0t and two sidebands E1(z)e−i(ω0+Ω)t +
E−1(z)ei(ω0−Ω)t.
After propagation through the slow and fast light device, the microwave signal retrieved by
the photodiode, at the angular frequency Ω, is:

MOUT
1 = ∑

ωp−ωq=Ω
EpE∗

q , (1)

= E1E
∗
0 e

i(k1−k0)L + E∗
−1E0e

i(k0−k−1)L, when both sidebands are detected,

= E1E
∗
0 e

i(k1−k0)L or E∗
−1E0e

i(k0−k−1)L, when only one sideband is detected,

where L is the length of the dispersive medium (described by ki = k(ωi)).
To characterize a microwave photonics link, we study the microwave transfer function

through the complex parameter S21 = MOUT
1

MIN
1

, whose magnitude and phase can be expressed
as:

|S21| = G2, (2)

arg(S21) = ΔkL, (3)

where G is the optical gain of the link, and ΔkL the phase shift introduced by the dispersive
medium (for example Δk = k(ω0 + Ω) − k(ω0) when only the sideband E1 is detected).
Consequently, by governing the dispersion and in particular the optical group velocity vg =
dω
dk of the slow and fast light medium, it is possible to induce a controlled phase shift or delay

on the retrieved microwave signal, which is an important function in microwave photonics,
as it is illustrated in the following sections.
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Fig. 1. Microwave photonics link including a slow and fast light device. MZM=Mach
Zehnder Modulator.

2.1.2 Tunable true time delay line for microwave photonics
If a tunable true time delay is introduced on a microwave signal at the angular frequency Ω,
the phase shift introduced by the slow and fast light medium must be:

ΔkL = τΩ with τ tunable. (4)

This definition is illustrated on Fig. 2.
The generation of tunable true time delays over a large instantaneous RF bandwidth Δ fRF is
a key function in the processing of microwave signals, where the instantaneous bandwidth
Δ fRF will reach 10% to 30% of the operating frequency foperating. To illustrate this point, let
us focus on the addressing of active antennas. Active antennas offer a better precision of
the radiation direction, a better gain, and lower secondary lobes than classic antennas.They
are composed of a matrix of radiating elements whose input signals can be controlled in
magnitude and phase. The radiating pattern and the main radiating direction are controlled
through the phase shifter of each radiating element. The phases applied to the different
emitters define the phase plane in which all the RF signals constructively interfere. The main
radiating direction is then perpendicular to this plan. Angling the beam is then equivalent
to tuning the phase plane, which is controlled by the RF phase shifters. However, the
delays introduced by these phase shifters are frequency dependent: consequently, a change in
frequency introduces an uncontrolled beam squint. Tunable true time delay lines is an answer
to these problems.
The generation of true time delays, tunable up to the nanosecond (or larger), on an
instantaneous bandwidth reaching the GHz range is necessary. Optical solutions have already
been proposed, by geometrically modifying the optical path. However these techniques does
not match the real field requirements because of the weight, the cost and the limited number
of achievable delays. Slow and fast light media could offer a complementary solution, by
offering a fast, continuous, and precise control of delays.

2.1.3 Tunable phase shifter for microwave photonics
A microwave photonics including a slow and fast light medium can also be used as an
optically tunable RF phase shifter. The phase shift introduced by the slow and fast light
medium must be:

ΔkL = φ covering [0, 2π] (5)
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been proposed, by geometrically modifying the optical path. However these techniques does
not match the real field requirements because of the weight, the cost and the limited number
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Fig. 2. (a) Illustration of tunable true time delay. (b) Illustration of RF phase shifter.

This definition is illustrated on Fig. 2.
This component exists in the microwave world (contrary to the true time delay lines).
However, more and more RF functions are developed by photonic means. Consequently,
tunable RF phase shifter in the optical domain is required in order to avoid useless
Optical/Electronical and Electronical/Optical conversions. Among the targeted applications,
one can quote the filtering of microwave signals: on each arm a phase shifter over
an instantaneous bandwidth Δ fRF is required; or optoelectronics oscillators, either for
synchronization or tunability: in this case, only a phase shifter at the operating frequency
is required.
To date, one of the most mature approaches of slow and fast light medium for integration in
real field systems is that based on Coherent Population Oscillations (CPO) in semiconductor
optical amplifiers (SOAs). This approach offers compactness, continuous tunability of the
delay or phase shift through injected current control, and possible high-level parallelism. We
present in the following paragraphs the basic concepts of this technique.

2.2 Coherent Population Oscillations (CPO) in Semiconductor Optical Amplifier (SOA)
This section introduces the basic concepts and the main equations involved in Coherent
Population Oscillations (CPO) in a Semiconductor Optical Amplifier (SOA), and explains
how this phenomenon induces slow and fast light. We describe the SOA behavior by a
phenomenological model initially described for semiconductor lasers by Agrawal & Dutta
(1993), and which was initially used to describe CPO in SOA (Agrawal, 1988; Mørk et al.,
2005). It gives a good insight in the involved phenomena. However, this model, initially
developed for lasers, must be cautiously used in the case of SOAs: its limitations are discussed
in section 4, where a more rigorous model is developed. From this phenomenological
model, we derive the equations of propagation and analyze the dispersion properties and
in particular the changes in group velocity induced by CPO.

2.2.1 Phenomenological model of SOA
This phenomenological model of SOA, well described by Agrawal & Dutta (1993) is based on
experimental observations of the behavior of semiconductor lasers.
The main assumption of the model consists in considering that the variations of the material
gain g and optical index n, caused by a small variation of the carrier density ΔN, are
proportional to ΔN. The material gain g and the optical index n can thus be expressed as:

g = ḡ + Δg, (6)

n = n̄ + Δn, (7)
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with N̄ and ḡ = g(N̄) the static carrier density and gain, n̄ = n((̄N)), the static optical index,
and Δg and Δn the variations of the material gain and the optical index caused by a small
change ΔN of the carrier density. We assume then:

Δg ∝ ΔN and Δn ∝ ΔN. (8)

We introduce the differential gain a:
Δg = aΔN, (9)

and the linewidth enhancement factor α introduced by Henry (1982) to model the index gain
coupling in semiconductor material: α = −2k0

Δn
ΓΔg . Then the variation Δn can be written as:

Δn = − α

2k0
ΓΔg, (10)

with k0 = ω
c , and Γ the confinement factor. We complete this phenomenological model with

a rate equation, which incorporates all the mechanisms by which the carriers are generated or
lost in the active region:

dN
dt

=
I
qV

− N
τs

− g|E|2
h̄ω0

, (11)

where I is the injected current, |E|2 is the optical intensity inside the SOA, τs is the carrier
lifetime, V is the volume of the active region, q is the elementary charge, and ω0 is the angular
frequency of the optical carrier E0.

2.2.2 Coherent population oscillations
CPOs are induced by an optical carrier which is modulated in intensity at the angular
frequency Ω: |E|2 = M0 + M1e−iΩt + c.c.. Note that the injected current can also be modulated
(see section 3.3).
If the optical carrier power is large enough, it implies a gain saturation. Indeed, the rate
equation (11) shows that oscillations of the carriers (CPO) are induced : N = N̄ + ΔNe−iΩt +
c.c.. At the first order, we can assume a linear variation of the gain and optical index (Eq. 8):

g = ḡ+ Δge−iΩt + c.c., (12)

n = n̄ + Δne−iΩt + c.c. (13)

Finally the Eqs. 9 and 11 lead to the expression of the gain variation Δg (and then Δn thanks
to Eq. 10):

Δg =
A

1 + M0/Us − iΩτs
, (14)

where M0 is the DC component of the optical intensity, Us the saturation intensity, and for
sake of clarity, A is considered here as a constant (for example A = −ḡM1/Us when only the
optical intensity is modulated, see section 4).
The optical index is then time and frequency dependent due to the CPO, which implies slow
and fast propagation of the light, as we explain in the following paragraphs.
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This definition is illustrated on Fig. 2.
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gain g and optical index n, caused by a small variation of the carrier density ΔN, are
proportional to ΔN. The material gain g and the optical index n can thus be expressed as:

g = ḡ + Δg, (6)

n = n̄ + Δn, (7)
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and Δg and Δn the variations of the material gain and the optical index caused by a small
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a rate equation, which incorporates all the mechanisms by which the carriers are generated or
lost in the active region:
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where I is the injected current, |E|2 is the optical intensity inside the SOA, τs is the carrier
lifetime, V is the volume of the active region, q is the elementary charge, and ω0 is the angular
frequency of the optical carrier E0.

2.2.2 Coherent population oscillations
CPOs are induced by an optical carrier which is modulated in intensity at the angular
frequency Ω: |E|2 = M0 + M1e−iΩt + c.c.. Note that the injected current can also be modulated
(see section 3.3).
If the optical carrier power is large enough, it implies a gain saturation. Indeed, the rate
equation (11) shows that oscillations of the carriers (CPO) are induced : N = N̄ + ΔNe−iΩt +
c.c.. At the first order, we can assume a linear variation of the gain and optical index (Eq. 8):

g = ḡ+ Δge−iΩt + c.c., (12)

n = n̄ + Δne−iΩt + c.c. (13)

Finally the Eqs. 9 and 11 lead to the expression of the gain variation Δg (and then Δn thanks
to Eq. 10):

Δg =
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1 + M0/Us − iΩτs
, (14)

where M0 is the DC component of the optical intensity, Us the saturation intensity, and for
sake of clarity, A is considered here as a constant (for example A = −ḡM1/Us when only the
optical intensity is modulated, see section 4).
The optical index is then time and frequency dependent due to the CPO, which implies slow
and fast propagation of the light, as we explain in the following paragraphs.
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2.2.3 Equations of propagation
The optical field E(z, t) verifies the following wave equation:

∂2

∂2z
E(z, t) =

1
c2

∂2

∂2t
�scE(z, t), (15)

where �sc is the relative permittivity.

We expand the optical field as E(z, t) = �
{

∑p Ep(z)ei(β̃pz−ωpt)
}

, where β̃p is the complex
propagation constant. E0 accounts for the optical carrier, and E±1 the modulation sidebands
at ω±1 = ω0 ± Ω. The complex propagation constant can be expressed as:

β̃ = k0μ̃ = k0
√

�sc, (16)

with k0 = ω
c and μ̃ the complex optical index, which can be written as:

μ̃ = n + i
−Γg+ γ

2k0
, (17)

where n is the real refractive optical index, and γ holds for internal losses. From Eqs. 12, 13
and 17, the complex optical index μ̃ can be expanded as: μ̃ = μ̃0 + Δμ̃e−iΩt + c.c., with:

μ̃0 = n̄ +
i

2k0
(−Γḡ+ γ) ,

Δμ̃ = − α + i
2k0

ΓΔg. (18)

Lastly, we derive the equations of propagation from Eqs. 15, 18 and �sc = μ̃2:

dE0
dz

=
1
2

(Γḡ− γ) E0,

dE1
dz

=
1
2

(Γḡ− γ) E1 +
1 − iα

2
ΓΔgE0,

dE−1
dz

=
1
2

(Γḡ− γ) E−1 +
1 − iα

2
ΓΔg∗E0. (19)

2.2.4 Slow and fast light induced by CPO
We have shown in the previous paragraph that the modulation of the optical intensity leads
to CPO, which induces a frequency dependence of the complex optical index. We illustrate
here how it induces slow and fast light.
We define the real, nr, and imaginary, nim, parts of the index: μ̃ = nr + inim. The Eqs. 14 and
18 lead to the following expressions of the variations of the real and imaginary parts of the
optical index, induced by CPO:

Δnr = �{Δμ̃} = − cA
2w

α(1 + M0/Us) − Ωτs
(1 + M0/Us)2 + (Ωτs)2 , (20)

Δnim = �{Δμ̃} = − cA
2w

(1 + M0/Us) + αΩτs
(1 + M0/Us)2 + (Ωτs)2 , (21)

where Ω is the angular frequency of the CPO, w is the angular frequency of the considered
optical field component, and w = w0 + Ω with w0 the angular frequency of the optical carrier.
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Fig. 3. Variations of (a) the imaginary part Δnim of the complex optical index (proportional to
the absorption), (b) the real part Δnr of the complex optical index, and (c) the wave number k.
In blue, for semiconductor material (where α �= 0), and in dashed red line, for an equivalent
2-level atomic resonance (where α = 0). Parameters: α = 5 (blue line) or α = 0 (red dashed
line), M0/Us = 1, A = −4000m−1, τs = 450ps, nsc = 3, λ0 = 1.5μm.

The variations of the imaginary Δnim and real Δnr parts of the optical index are displayed on
Fig.3(a) and (b). Δnim and Δnr are related by the Kramers-Kronig relationship. We illustrate
that for semiconductor material, due to the coupling index-gain (modeled by the factor α), the
variation of the imaginary Δnim optical index, proportional to the variation of the absorption,
is asymmetric: it has been first observed by Bogatov et al. (1975). The variation of the optical
index with respect to the frequency is then very different from the case of 2-level atomic
resonance (represented in dashed red line in Fig. 3).
The frequency dependence of the optical index leads to a strong dispersion in the vicinity of
the frequency of the optical carrier: as illustrated on Fig.3(c), the real wave number k(ω) =
n(ω)ω

c differs then from the "normal" refraction nscω
c (represented by the black dotted straight

line). This is associated with a variation of the group velocity of the light, which can be defined
as vg = dω

dk . Consequently, CPO create here (A < 0) "fast light" for positive detuning Ω > 0
( dk
dω < 0), and "slow light" for negative detuning Ω < 0 ( dk

dω > 0). In comparison, a 2-level
atomic resonance create essentially fast light at low detuning: |Ω| < a few GHz. As the
amplitude of CPO is controlled by either the input optical power (M0) or the injected current
(though the parameter A), the group velocity can be tuned and controlled, which opens the
possibility to conceive optical delay lines and optical phase shifters for microwave signals, as
we will explain it in the following part.
The arrival time τ (to a detector for example) of a signal propagating through this slow and fast
light medium has to be carefully handled. Indeed it is equal to the group delay simply defined
as τg = L dk

dω |ω̄, with ω̄ the central optical frequency of the signal, only if the modulation before
the photodiode is Single-SideBand (SSB), and if the bandwidth of the signal is smaller than
the CPO bandwidth (< 1 GHz). We will highlight this last point in the following part. For
further details on the definition of the arrival time for optical pulses, you can refer to (Peatross
et al., 2000).
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, where β̃p is the complex
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at ω±1 = ω0 ± Ω. The complex propagation constant can be expressed as:
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with k0 = ω
c and μ̃ the complex optical index, which can be written as:
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where n is the real refractive optical index, and γ holds for internal losses. From Eqs. 12, 13
and 17, the complex optical index μ̃ can be expanded as: μ̃ = μ̃0 + Δμ̃e−iΩt + c.c., with:
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(−Γḡ+ γ) ,

Δμ̃ = − α + i
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Lastly, we derive the equations of propagation from Eqs. 15, 18 and �sc = μ̃2:
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2.2.4 Slow and fast light induced by CPO
We have shown in the previous paragraph that the modulation of the optical intensity leads
to CPO, which induces a frequency dependence of the complex optical index. We illustrate
here how it induces slow and fast light.
We define the real, nr, and imaginary, nim, parts of the index: μ̃ = nr + inim. The Eqs. 14 and
18 lead to the following expressions of the variations of the real and imaginary parts of the
optical index, induced by CPO:

Δnr = �{Δμ̃} = − cA
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α(1 + M0/Us) − Ωτs
(1 + M0/Us)2 + (Ωτs)2 , (20)

Δnim = �{Δμ̃} = − cA
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where Ω is the angular frequency of the CPO, w is the angular frequency of the considered
optical field component, and w = w0 + Ω with w0 the angular frequency of the optical carrier.
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The variations of the imaginary Δnim and real Δnr parts of the optical index are displayed on
Fig.3(a) and (b). Δnim and Δnr are related by the Kramers-Kronig relationship. We illustrate
that for semiconductor material, due to the coupling index-gain (modeled by the factor α), the
variation of the imaginary Δnim optical index, proportional to the variation of the absorption,
is asymmetric: it has been first observed by Bogatov et al. (1975). The variation of the optical
index with respect to the frequency is then very different from the case of 2-level atomic
resonance (represented in dashed red line in Fig. 3).
The frequency dependence of the optical index leads to a strong dispersion in the vicinity of
the frequency of the optical carrier: as illustrated on Fig.3(c), the real wave number k(ω) =
n(ω)ω

c differs then from the "normal" refraction nscω
c (represented by the black dotted straight

line). This is associated with a variation of the group velocity of the light, which can be defined
as vg = dω

dk . Consequently, CPO create here (A < 0) "fast light" for positive detuning Ω > 0
( dk
dω < 0), and "slow light" for negative detuning Ω < 0 ( dk

dω > 0). In comparison, a 2-level
atomic resonance create essentially fast light at low detuning: |Ω| < a few GHz. As the
amplitude of CPO is controlled by either the input optical power (M0) or the injected current
(though the parameter A), the group velocity can be tuned and controlled, which opens the
possibility to conceive optical delay lines and optical phase shifters for microwave signals, as
we will explain it in the following part.
The arrival time τ (to a detector for example) of a signal propagating through this slow and fast
light medium has to be carefully handled. Indeed it is equal to the group delay simply defined
as τg = L dk

dω |ω̄, with ω̄ the central optical frequency of the signal, only if the modulation before
the photodiode is Single-SideBand (SSB), and if the bandwidth of the signal is smaller than
the CPO bandwidth (< 1 GHz). We will highlight this last point in the following part. For
further details on the definition of the arrival time for optical pulses, you can refer to (Peatross
et al., 2000).
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3. Advances in architectures based on slow and fast light in SOAs for microwave
photonics applications

In the previous part, we saw the underlying physics of the slow and fast light generated by
Coherent Population Oscillations (CPO) in SOAs. We present here the different architectures
based on this phenomenon, which are proposed for microwave photonics applications. In
the first section, we present an architecture of an optical delay line. In the second section, we
show that by changing the modulation format before the photodiode, the latter architecture
becomes an optical phase shifter for microwave signals. Lastly, we present an alternative
set-up to realize an optical RF phase shifter, by using forced CPO.

3.1 SOA-based optical delay line
3.1.1 Set-up, experimental results and equations
This architecture is the first proposed in literature (Mørk et al., 2005; Pesala et al., 2006). The
set-up is quite simple: the slow and fast light device (represented in Fig. 1) included in the
microwave link is a single SOA. The corresponding experimental results are presented on
Fig. 4. The microwave gain |S21| present a high pass filter behavior, usually observed in SOAs
(Boula-Picard et al., 2005), and is associated to an interesting phase shift, which presents a
linear variation at low frequency, with a slope tunable through the injected current or the
optical input power: a key characteristic to set up a tunable delay line (see Fig. 2).
These results are not in adequation with the expected behavior of a semiconductor material
in which the coupling index-gain is significant (α �= 0) (displayed in Fig. 3), but it is similar
to the material where α = 0: indeed a negative delay (which is then an advance, associated
to a so called "fast light") is detected at low frequency (< GHz). However it can be easily
explained by the double-sideband modulation format before the detector. Indeed, as both
the modulation sidebands are detected, the RF retrieved signal at the angular frequency Ω is
M1 = E1E∗

0 + E−1E∗
0 , and Eq. 19 leads to:

dM1
dz

= [−γ + Γḡ] M1 + ΓΔgM0, (22)

with Δg deduced from the rate equation (11):

Δg = − ḡM1/Us

1 + M0/Us − iΩτs
, (23)

with Us = h̄ω
Γaτs

. We notice then that the contribution of the coupling gain-index is canceled
out when both the sidebands are detected, which explains that the gain and phase shift are
similar to a material where α = 0.

3.1.2 Analysis of the different contributions. Physical interpretation
We integrate Eq. 22 over a small slice dz, whose length is noted L, to derive an analytical
expression of the RF transfer function S21 = M1(L)

M1(0) :

M1(L)
M1(0)

= A +
1
2
Gopt, (24)

with A = 1− γL+ ΓḡL corresponding to the optical amplification (average RF gain) and Gopt

the contribution due to CPO, which are induced by the modulation of the optical intensity:
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Fig. 4. SOA-based optical delay line. (a) Slow and fast light device. (b) Experimental results:
gain and phase shift of the RF signal, at a fixed input optical power (1 mW), for different
currents. Results extracted from (Berger, Alouini, Bourderionnet, Bretenaker & Dolfi, 2010).

Gopt = ΓΔgLM0(0)/M1(0) =
−2Γg0LM0/Us

1 + M0/Us − iΩτs
. (25)

We represent the module and the argument of the amplification A and the CPO contribution
Gopt on Fig. 5. The optical amplification A is in phase with the incident signal, and constant
with respect to the RF frequency. At low frequency Ωτs < 1, Gopt is in antiphase with the
incident modulated signal. Indeed, the carrier density is modulated by saturation due to
the modulated optical intensity: a larger number of carriers will decay near the maximum
intensity than near the minimum. Consequently the carrier density is modulated in antiphase
with respect to the incident signal, generating a gain also in antiphase. At high frequency
Ωτs > 1, the carriers can no longer follow the optical modulation, and the efficiency of the
gain modulation decreases. This explains the low pass filter behavior of Gopt displayed on
Fig. 5. Moreover, in Fig. 5(a), we note that the amplification A is always dominant compared
to Gopt: consequently at low frequency Ωτs < 1, the modulated gain Gopt in antiphase with
respect to the incident signal decreases the total gain. This explains the dip at low frequency
on the module of the RF transfer function, which is associated with an interesting phase shift,
opening the possibility to conceive a tunable delay line.

3.1.3 Evaluation of the performances for a tunable delay line

We assume the plane-wave approximation: M1(z) = M̃1eβ̃z. Even if it is not truly accurate,
it is helpful to understand the essential physics and to evaluate the order of magnitude of
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photonics applications

In the previous part, we saw the underlying physics of the slow and fast light generated by
Coherent Population Oscillations (CPO) in SOAs. We present here the different architectures
based on this phenomenon, which are proposed for microwave photonics applications. In
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show that by changing the modulation format before the photodiode, the latter architecture
becomes an optical phase shifter for microwave signals. Lastly, we present an alternative
set-up to realize an optical RF phase shifter, by using forced CPO.

3.1 SOA-based optical delay line
3.1.1 Set-up, experimental results and equations
This architecture is the first proposed in literature (Mørk et al., 2005; Pesala et al., 2006). The
set-up is quite simple: the slow and fast light device (represented in Fig. 1) included in the
microwave link is a single SOA. The corresponding experimental results are presented on
Fig. 4. The microwave gain |S21| present a high pass filter behavior, usually observed in SOAs
(Boula-Picard et al., 2005), and is associated to an interesting phase shift, which presents a
linear variation at low frequency, with a slope tunable through the injected current or the
optical input power: a key characteristic to set up a tunable delay line (see Fig. 2).
These results are not in adequation with the expected behavior of a semiconductor material
in which the coupling index-gain is significant (α �= 0) (displayed in Fig. 3), but it is similar
to the material where α = 0: indeed a negative delay (which is then an advance, associated
to a so called "fast light") is detected at low frequency (< GHz). However it can be easily
explained by the double-sideband modulation format before the detector. Indeed, as both
the modulation sidebands are detected, the RF retrieved signal at the angular frequency Ω is
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0 + E−1E∗
0 , and Eq. 19 leads to:
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= [−γ + Γḡ] M1 + ΓΔgM0, (22)

with Δg deduced from the rate equation (11):
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with Us = h̄ω
Γaτs

. We notice then that the contribution of the coupling gain-index is canceled
out when both the sidebands are detected, which explains that the gain and phase shift are
similar to a material where α = 0.

3.1.2 Analysis of the different contributions. Physical interpretation
We integrate Eq. 22 over a small slice dz, whose length is noted L, to derive an analytical
expression of the RF transfer function S21 = M1(L)

M1(0) :

M1(L)
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= A +
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Gopt, (24)

with A = 1− γL+ ΓḡL corresponding to the optical amplification (average RF gain) and Gopt
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Gopt = ΓΔgLM0(0)/M1(0) =
−2Γg0LM0/Us

1 + M0/Us − iΩτs
. (25)

We represent the module and the argument of the amplification A and the CPO contribution
Gopt on Fig. 5. The optical amplification A is in phase with the incident signal, and constant
with respect to the RF frequency. At low frequency Ωτs < 1, Gopt is in antiphase with the
incident modulated signal. Indeed, the carrier density is modulated by saturation due to
the modulated optical intensity: a larger number of carriers will decay near the maximum
intensity than near the minimum. Consequently the carrier density is modulated in antiphase
with respect to the incident signal, generating a gain also in antiphase. At high frequency
Ωτs > 1, the carriers can no longer follow the optical modulation, and the efficiency of the
gain modulation decreases. This explains the low pass filter behavior of Gopt displayed on
Fig. 5. Moreover, in Fig. 5(a), we note that the amplification A is always dominant compared
to Gopt: consequently at low frequency Ωτs < 1, the modulated gain Gopt in antiphase with
respect to the incident signal decreases the total gain. This explains the dip at low frequency
on the module of the RF transfer function, which is associated with an interesting phase shift,
opening the possibility to conceive a tunable delay line.

3.1.3 Evaluation of the performances for a tunable delay line

We assume the plane-wave approximation: M1(z) = M̃1eβ̃z. Even if it is not truly accurate,
it is helpful to understand the essential physics and to evaluate the order of magnitude of
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achievable delay and bandwidth. From Eq. 22, we can deduce the complex propagation
constant β̃:

β̃L = −i
(
−γL+ ΓḡL− ΓḡLM0/Us

1 + M0/Us − iΩτs

)
. (26)

After a small slice dz, if we assume that the gain compensates losses, the output signal is then:
GRFM1(0)e−iΩ(t−τ), with:

τ = − ΓḡLM0/Us

(1 + M0/Us)2 + (Ωτs)2 τs (27)

� − ΓḡLM0/Us

(1 + M0/Us)2 τs at low frequency Ωτs < 1 + M0/Us. (28)

Consequently, at low frequency, CPO introduce a true time advance τ (negative delay,
independent on the frequency Ω): Eq. 28 gives the limit of the achievable delay and
bandwidth.
It is possible to make a rough evaluation of the maximal achievable bandwidth-delay product,
by assuming the saturation parameters (Us, τs, ΓḡL) constant with the current and the input
optical power :

(Δ fRF ∗ τ)max <
1

2π

M0/Us

1 + M0/Us
(ΓḡL)max . (29)

The higher the input optical power M0 is, the higher the bandwidth-delay product is. A
SOA with a high gain is suitable. However the maximal advance (negative delay) achievable
for a given current is: τM(I) = − 1

4 ΓḡLτs for a strong input optical power M0/Us ∼ 1.
The delays are tunable from 0 to τM(Imax)(< 0), as the gain ḡL governed by the injected
current I. The delay is null at the transparency, and can be positive when the SOA is in
the absorption regime (but it is associated with high losses on the RF signal). In order to
refine the performances, and take into account saturation effects, we use the mean saturation
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parameters (Us, τs, ΓḡL) along the SOA, calculated from the model presented in section 4,
for a given current and input optical power. For example, a commercial SOA (InP/InGaAsP
Quantum Well Booster Amplifier from COVEGA) has a maximal tunable advance of ≈ 516ps
(≈ 120ps) over an instantaneous bandwidth < 590MHz (< 410MHz) for an input optical
power of 20mW (1mW).
The major axes of research are now to find the best material to increase these performances,
and try to find an architecture which enables to translate these characteristics at any operating
frequency.

3.2 CPO enhanced by index-grating coupling
3.2.1 Set-up, experimental results and equations

(b) Gain and Phase vs input optical power

SOA

Constant current 

(a) Slow and fast light device

Modulated optical intensity 

Notch filter

Fig. 6. CPO enhanced by index-grating coupling. (a) Slow and fast light device. (b)
Experimental results: gain and phase shift of the RF signal, at a fixed current (1 mW), with
respect to different input optical power. Graph arranged from (Xue et al., 2008).

As it is explained in the previous paragraph, when both the modulation sidebands are
detected by the photodiode, the contribution of the index-gain coupling is canceled out. In
order to benefit from the enhancement of the gain and index gratings by the index-gain
coupling, Xue et al. (2008) analyze an architecture including an optical notch filter before the
photodiode in order to select one sideband (see Fig. 6(a)). They showed that an enhanced
phase shift up to +150◦ is detected only when the red shifted sideband is blocked, compared
to −20◦ for other configurations (see Fig. 6(b)).
Consequently the RF retrieved signal at the Ω is either Mr = E1E∗

0 when the red-shifted
sideband is blocked or Mb = E−1E∗

0 when the blue shifted sideband is blocked. Eq. 19 leads to:

dMr

dz
= [−γ + Γḡ] Mr +

1 + iα
2

ΓΔgM0, (30)

dMb
dz

= [−γ + Γḡ] Mb +
1 − iα

2
ΓΔgM0, (31)
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(1 + M0/Us)2 τs at low frequency Ωτs < 1 + M0/Us. (28)

Consequently, at low frequency, CPO introduce a true time advance τ (negative delay,
independent on the frequency Ω): Eq. 28 gives the limit of the achievable delay and
bandwidth.
It is possible to make a rough evaluation of the maximal achievable bandwidth-delay product,
by assuming the saturation parameters (Us, τs, ΓḡL) constant with the current and the input
optical power :

(Δ fRF ∗ τ)max <
1

2π

M0/Us

1 + M0/Us
(ΓḡL)max . (29)

The higher the input optical power M0 is, the higher the bandwidth-delay product is. A
SOA with a high gain is suitable. However the maximal advance (negative delay) achievable
for a given current is: τM(I) = − 1

4 ΓḡLτs for a strong input optical power M0/Us ∼ 1.
The delays are tunable from 0 to τM(Imax)(< 0), as the gain ḡL governed by the injected
current I. The delay is null at the transparency, and can be positive when the SOA is in
the absorption regime (but it is associated with high losses on the RF signal). In order to
refine the performances, and take into account saturation effects, we use the mean saturation
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parameters (Us, τs, ΓḡL) along the SOA, calculated from the model presented in section 4,
for a given current and input optical power. For example, a commercial SOA (InP/InGaAsP
Quantum Well Booster Amplifier from COVEGA) has a maximal tunable advance of ≈ 516ps
(≈ 120ps) over an instantaneous bandwidth < 590MHz (< 410MHz) for an input optical
power of 20mW (1mW).
The major axes of research are now to find the best material to increase these performances,
and try to find an architecture which enables to translate these characteristics at any operating
frequency.

3.2 CPO enhanced by index-grating coupling
3.2.1 Set-up, experimental results and equations
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Fig. 6. CPO enhanced by index-grating coupling. (a) Slow and fast light device. (b)
Experimental results: gain and phase shift of the RF signal, at a fixed current (1 mW), with
respect to different input optical power. Graph arranged from (Xue et al., 2008).

As it is explained in the previous paragraph, when both the modulation sidebands are
detected by the photodiode, the contribution of the index-gain coupling is canceled out. In
order to benefit from the enhancement of the gain and index gratings by the index-gain
coupling, Xue et al. (2008) analyze an architecture including an optical notch filter before the
photodiode in order to select one sideband (see Fig. 6(a)). They showed that an enhanced
phase shift up to +150◦ is detected only when the red shifted sideband is blocked, compared
to −20◦ for other configurations (see Fig. 6(b)).
Consequently the RF retrieved signal at the Ω is either Mr = E1E∗

0 when the red-shifted
sideband is blocked or Mb = E−1E∗

0 when the blue shifted sideband is blocked. Eq. 19 leads to:

dMr

dz
= [−γ + Γḡ] Mr +

1 + iα
2

ΓΔgM0, (30)

dMb
dz

= [−γ + Γḡ] Mb +
1 − iα

2
ΓΔgM0, (31)
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with Δg defined by Eq. 23.

3.2.2 Analysis of the different contributions. Physical interpretation
We integrate Eq. 30 and Eq. 31 over a small slice dz, whose length is noted L, to derive an

analytical expression of the RF transfer function S21 = Mi(L)
Mi(0) :

Mr(L)
Mr(0)

= A +
1
2
Gopt +

iα
2
Gopt, (32)

Mb(L)
Mb(0)

= A+
1
2
Gopt − iα

2
Gopt, (33)

with A = 1 − γL + ΓḡL and 1
2Gopt expressed as in the previous paragraph (we assume

Mr(0) = Mb(0)).
We represent the module and the argument of the amplification A and the dominant
contribution due to CPO: ± iα

2 Gopt on Fig. 7(a). Contrary to the previous architecture,
the contribution enhanced by the gain-index coupling ± iα

2 Gopt, is dominant over the
amplification A at low frequency. At high frequency, the amplification overcomes.
Consequently, a transition between the contribution enhanced by the gain-index coupling
± iα

2 Gopt and the amplification A is realized at a frequency designed as ft. At the transition, the
two configurations, when either the red-shifted or blue-shifted sideband is blocked, are not
similar: the phase of the enhanced contribution goes from +90◦ (−90◦) to +180◦ (0◦), when
the red (blue)-shifted sideband is blocked. Consequently, if the transition frequency is enough
high, when the blue-shifted sideband is blocked, the contribution enhanced by the gain-index
coupling − iα

2 Gopt is almost in phase with the amplification A: the resulting phase of the RF
transfer function is continuous at the transition (see Fig. 7(b)). However, when the red-shifted
sideband is blocked, the contribution enhanced by the gain-index coupling + iα

2 Gopt is almost
in antiphase with the amplification A: at the transition, the resulting phase of the RF transfer
function presents almost a π phase jump, associated with a dip in the magnitude of the
RF transfer function. Moreover, the frequency of the transition ft is tunable with either the
injected current or the input optical power: consequently at a fixed frequency f , the phase
of the RF transfer function jump from the phase arg(+ iα

2 Gopt) ∼ π ( f < ft) to arg(A) = 0
( f > ft), when the input optical power or the injected current is changed. This interpretation
explains well the experimental results.

3.2.3 Evaluation of the performances for a RF phase shifter
We have shown in the previous paragraph that the transition is frequency tunable with the
injected current or the optical input power. Consequently, for a fixed frequency, it is possible to
realize a RF phase shifter. This technique has been applied to realize a tunable opto-electronic
oscillator (OEO) (Shumakher et al., 2009a) and a tunable microwave filter (Xue, Sales, Mork &
Capmany, 2009). Due to the involved mechanisms, it is clear that without taken into account
propagation effects, the maximal achievable tunable phase shift is π per component. A 2π
phase shift has been realized with cascaded SOAs by Xue, Sales, Capmany & Mørk (2009).
Owing to the high value of the enhancement linewidth factor, the transition frequency ft, and
then the operating frequency, can be increased up to ∼ 40GHz.

190 Advances in Optical Amplifiers

Amplification

(b) Total transfer functions

0.1 1 10
-10

0

10

20

f s

G
ai

n 
(d

B
)

0.1 1 10

0

P
ha

se
 (d

eg
)

0.1 1 10
-10

0

10

20

G
ai

n 
(d

B
)

0.1 1 10
-180

-90

0

90

180

P
ha

se
 (d

eg
)

Enhanced CPO 
contribution

(a) Contributions

f s

ft s

f s

f s

TRANSITION

Enhanced CPO 
contribution

Amplification

Fig. 7. (a) Contributions to the RF phase change: the red curves correspond both to either the
CPO contribution enhanced by index-grating coupling 1

2Gopt or the CPO contribution
enhanced by forced CPO 1

2Gelec. When the red or blue shifted sideband is blocked:
ϕ = ±π/2 ; in the case of forced CPO architecture, ϕ = φ. φ is the phase difference between
the electronic and optical modulations. (b) Total transfer functions obtained from (a), when
ϕ = 0 or π/2.

3.3 Forced CPO in SOA
We showed in the previous paragraph that the achievable phase shift experienced by an
optically carried RF signal passing through the SOA has been recently increased up to π by
optically filtering out the red-shifted modulation sideband before detection (Xue et al., 2008).
However, this method involves the use of a very sharp optical filter and is consequently
efficient mainly for relatively high frequencies (typically above 5 GHz). Furthermore, the
insertion of the optical filter leads to a significant enhancement of noise (Shumakher et al.,
2009b). Besides, four-wave mixing in SOA have been enhanced by modulating the current of
the SOA (Capmany et al., 2002), but the resulting phase shift has never been studied before
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two configurations, when either the red-shifted or blue-shifted sideband is blocked, are not
similar: the phase of the enhanced contribution goes from +90◦ (−90◦) to +180◦ (0◦), when
the red (blue)-shifted sideband is blocked. Consequently, if the transition frequency is enough
high, when the blue-shifted sideband is blocked, the contribution enhanced by the gain-index
coupling − iα

2 Gopt is almost in phase with the amplification A: the resulting phase of the RF
transfer function is continuous at the transition (see Fig. 7(b)). However, when the red-shifted
sideband is blocked, the contribution enhanced by the gain-index coupling + iα

2 Gopt is almost
in antiphase with the amplification A: at the transition, the resulting phase of the RF transfer
function presents almost a π phase jump, associated with a dip in the magnitude of the
RF transfer function. Moreover, the frequency of the transition ft is tunable with either the
injected current or the input optical power: consequently at a fixed frequency f , the phase
of the RF transfer function jump from the phase arg(+ iα

2 Gopt) ∼ π ( f < ft) to arg(A) = 0
( f > ft), when the input optical power or the injected current is changed. This interpretation
explains well the experimental results.

3.2.3 Evaluation of the performances for a RF phase shifter
We have shown in the previous paragraph that the transition is frequency tunable with the
injected current or the optical input power. Consequently, for a fixed frequency, it is possible to
realize a RF phase shifter. This technique has been applied to realize a tunable opto-electronic
oscillator (OEO) (Shumakher et al., 2009a) and a tunable microwave filter (Xue, Sales, Mork &
Capmany, 2009). Due to the involved mechanisms, it is clear that without taken into account
propagation effects, the maximal achievable tunable phase shift is π per component. A 2π
phase shift has been realized with cascaded SOAs by Xue, Sales, Capmany & Mørk (2009).
Owing to the high value of the enhancement linewidth factor, the transition frequency ft, and
then the operating frequency, can be increased up to ∼ 40GHz.
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ϕ = ±π/2 ; in the case of forced CPO architecture, ϕ = φ. φ is the phase difference between
the electronic and optical modulations. (b) Total transfer functions obtained from (a), when
ϕ = 0 or π/2.

3.3 Forced CPO in SOA
We showed in the previous paragraph that the achievable phase shift experienced by an
optically carried RF signal passing through the SOA has been recently increased up to π by
optically filtering out the red-shifted modulation sideband before detection (Xue et al., 2008).
However, this method involves the use of a very sharp optical filter and is consequently
efficient mainly for relatively high frequencies (typically above 5 GHz). Furthermore, the
insertion of the optical filter leads to a significant enhancement of noise (Shumakher et al.,
2009b). Besides, four-wave mixing in SOA have been enhanced by modulating the current of
the SOA (Capmany et al., 2002), but the resulting phase shift has never been studied before
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the recent theoretical study by Anton et al. (2009), which points out the enhancement of phase
shift by forced CPO. The first experimental observation and a simple physical interpretation
of forced CPO is presented in (Berger, Bourderionnet, de Valicourt, Brenot, Dolfi, Bretenaker
& Alouini, 2010).

3.3.1 Set-up, experimental results and equations
The slow and fast light device is here a SOA whose current is modulated at the same RF
frequency than the input optical power. The input microwave signal modulates then both the
injected current of the SOA and the input optical power. An RF attenuator enables to control
the modulation depth of the injected current (Fig. 8(a)). The phase difference between the
two modulating signals is maintained to 90◦ . The current of the SOA is set to a fixed current
(in the illustration of Fig. 8: 80 mA). The gain and the phase shift introduced by the SOA
are then measured for different modulation depths of the injected current, by introducing an
attenuation η on the modulation. The results are shown in Fig. 8(b). Two different regimes
can be identified with respect to the frequency. At high frequencies, the response (gain and
phase) of the modulated SOA is similar to the response of the non-modulated SOA (usual
CPO behavior, represented by the black dashed curve). On the contrary, at low RF frequencies,
forced CPO occur, and the phase tends to a value between 90◦ and 180◦ at low frequency. This
brings us to define a transition frequency, ft, below which the phase of the signal can reach
180◦ and above which the phase is close to 0◦ . These results are then very similar to those
obtained by filtering out one of the sideband before the photodiode. Indeed we show in the
following paragraph than the physical interpretation is almost the same.
Both the sidebands are detected by the photoreceiver, the equation of propagation is then
the same as Eq. 22. However, CPO are not only induced by the modulated optical intensity
M0 + M1eiΩt + c.c., they are also induced by the modulated current I = I0 + η I1eiΩt+φ + c.c.,
with φ the phase shift with respect to the modulation of M0. Consequently, Δg is expressed
as:

Δg =
I1eiφ/Is − ḡM1/Us

1 + M0/Us − iΩτs
, (34)

with Us = h̄ω
Γaτs

and Is = qV
Γaτs

.

3.3.2 Analysis of the different contributions. Physical interpretation
We integrate Eq. 22 by taking into account Eq. 34 over a small slice dz, whose length is noted
L, to derive an analytical expression of the RF transfer function S21 = M1(L)

M1(0) :

M1(L)
M1(0)

= A +
1
2
Gopt +

1
2
Gelec, (35)

with A and Gopt expressed as in the previous paragraphs and Gelec represents the contribution
of forced CPO, generated by the modulated current:

Gelec =
1

M1(0)
I1eiφM0/Is

1 + M0/Us − iΩτs
. (36)

The module and the argument of the amplification term A and the dominant contribution due
to CPO: 1

2Gelec present the same behavior than in the architecture when one of the sideband is
blocked (Fig. 7). The phase of the enhanced contribution goes from φ to φ + 90◦. Consequently,
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and phase shift of the RF signal, with respect to the RF frequency, at a fixed current (80 mA),
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RF phase shifter at 3.2 GHz. Graph extracted from (Berger, Bourderionnet, de Valicourt,
Brenot, Dolfi, Bretenaker & Alouini, 2010).

if the phase difference φ is set to +90◦ (like in the experiment (Berger, Bourderionnet,
de Valicourt, Brenot, Dolfi, Bretenaker & Alouini, 2010)), the configuration is similar to the
architecture when the red-shifted sideband is blocked: at the transition between the dominant
contribution due to CPO and the amplification, these latter are almost in antiphase, leading to
an almost π phase shift and a dip in the gain. The frequency of the transition is tunable with
the modulation depth of the current. In Fig. 8(b), we tag the transition frequency ft for each
attenuation.

3.3.3 Evaluation of the performances for a RF phase shifter
This behavior can be easily exploited to design an adjustable phase shifter, as shown in
Fig. 8(c). In this example, the phase is controllable from 15◦ to 144◦ for a fixed frequency
f = 3.2 GHz. These performances are similar to those achieved using sideband optical
filtering before detection (Xue et al., 2008). In this architecture of forced CPO, a π phase
shift could be achieved by increasing the current modulation depth. This could also increase
the maximum operation frequency of the shifter. Indeed simulations show that a larger ratio
between the modulation depth of the current and the optical modulation index would lead
to a phase shifter whose operating frequency is close to 10 GHz. The main drawback of
this architecture is that it involves the use of balanced path for the optical and electronic
modulation, and a balanced hybrid 0◦ − 90◦ power divider, in order to conceive an optically
tunable RF phase shifter.
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the recent theoretical study by Anton et al. (2009), which points out the enhancement of phase
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forced CPO occur, and the phase tends to a value between 90◦ and 180◦ at low frequency. This
brings us to define a transition frequency, ft, below which the phase of the signal can reach
180◦ and above which the phase is close to 0◦ . These results are then very similar to those
obtained by filtering out one of the sideband before the photodiode. Indeed we show in the
following paragraph than the physical interpretation is almost the same.
Both the sidebands are detected by the photoreceiver, the equation of propagation is then
the same as Eq. 22. However, CPO are not only induced by the modulated optical intensity
M0 + M1eiΩt + c.c., they are also induced by the modulated current I = I0 + η I1eiΩt+φ + c.c.,
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with Us = h̄ω
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and Is = qV
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.

3.3.2 Analysis of the different contributions. Physical interpretation
We integrate Eq. 22 by taking into account Eq. 34 over a small slice dz, whose length is noted
L, to derive an analytical expression of the RF transfer function S21 = M1(L)

M1(0) :

M1(L)
M1(0)

= A +
1
2
Gopt +

1
2
Gelec, (35)

with A and Gopt expressed as in the previous paragraphs and Gelec represents the contribution
of forced CPO, generated by the modulated current:

Gelec =
1

M1(0)
I1eiφM0/Is

1 + M0/Us − iΩτs
. (36)

The module and the argument of the amplification term A and the dominant contribution due
to CPO: 1

2Gelec present the same behavior than in the architecture when one of the sideband is
blocked (Fig. 7). The phase of the enhanced contribution goes from φ to φ + 90◦. Consequently,
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Fig. 8. Forced CPO architecture. (a) Slow and fast light device. (b) Experimental results: gain
and phase shift of the RF signal, with respect to the RF frequency, at a fixed current (80 mA),
and input optical power (1 mW), for various attenuation of the modulation of the current. (c)
RF phase shifter at 3.2 GHz. Graph extracted from (Berger, Bourderionnet, de Valicourt,
Brenot, Dolfi, Bretenaker & Alouini, 2010).

if the phase difference φ is set to +90◦ (like in the experiment (Berger, Bourderionnet,
de Valicourt, Brenot, Dolfi, Bretenaker & Alouini, 2010)), the configuration is similar to the
architecture when the red-shifted sideband is blocked: at the transition between the dominant
contribution due to CPO and the amplification, these latter are almost in antiphase, leading to
an almost π phase shift and a dip in the gain. The frequency of the transition is tunable with
the modulation depth of the current. In Fig. 8(b), we tag the transition frequency ft for each
attenuation.

3.3.3 Evaluation of the performances for a RF phase shifter
This behavior can be easily exploited to design an adjustable phase shifter, as shown in
Fig. 8(c). In this example, the phase is controllable from 15◦ to 144◦ for a fixed frequency
f = 3.2 GHz. These performances are similar to those achieved using sideband optical
filtering before detection (Xue et al., 2008). In this architecture of forced CPO, a π phase
shift could be achieved by increasing the current modulation depth. This could also increase
the maximum operation frequency of the shifter. Indeed simulations show that a larger ratio
between the modulation depth of the current and the optical modulation index would lead
to a phase shifter whose operating frequency is close to 10 GHz. The main drawback of
this architecture is that it involves the use of balanced path for the optical and electronic
modulation, and a balanced hybrid 0◦ − 90◦ power divider, in order to conceive an optically
tunable RF phase shifter.
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4. Generalized CPO model (signal, distortion, noise) based on macroscopic
parameters

In the previous part, we presented the main different architectures published in literature:
we explained the essential physics of each of them through a physical interpretation and
explained how it can be used as a tunable delay line or a tunable phase shifter. We also roughly
evaluate the performances of these architectures as a phase shifter or delay line. Within the
scope of integration in a realistic radar system, it is also required to study the impact of
these slow and fast light architectures on the performances of the microwave photonics link.
In particular, the RF transfer function, the generation of spurious signals by harmonic and
intermodulation products, and the intensity noise, have to be studied in order to compute the
Spurious Free Dynamic Range (SFDR), a key characteristic in microwave photonics. This part
describes the predictive models to compute all of these figure of merits.

4.1 Model including dynamic saturation
We derived the equation of propagation in section 2.2 from a phenomenological model of
the SOA explained in details by Agrawal & Dutta (1993). This phenomenological model
relies on the assumption that both the variations of the material gain Δg and optical index
Δn, caused by a small variation of the carrier density ΔN, are proportional to ΔN. This
assumption is based on experimental observations in semiconductor lasers, and is justified
in lasers above the threshold: the carrier density N changes little above threshold, and the
linear variation is a reasonable approximation for small changes in N. Consequently, as far as
SOAs are concerned, even if this phenomenological model explains well the essentials physics,
as we show in the previous sections, it is not enough for an accurate and predictive model:
indeed, this approximation does not give account of strong saturation conditions, with high
gain and carrier density variations, which typically occur in quantum wells structures with
strong carrier confinement, and can’t describe in a predictive way the RF transfer response of
the SOA for any operating conditions (injected current, input optical power).
We propose here to describe the model of Berger, Alouini, Bourderionnet, Bretenaker & Dolfi
(2010) which takes into account the carrier density variation along the propagation axis and
its influence on the differential gain a and the carrier lifetime τs. We chose to detail it because
it relies on key ideas which makes the predictability and the accuracy of this model, but also
of the following models about the distortion and the noise.
Our central hypothesis is that the differential gain a and the carrier lifetime τs can be
determined as functions of the DC component of the optical intensity M0 solely, allowing
these dependencies to be determined from gain measurements.
Let us first suppose that we fulfill the small signal condition. In this case, the stimulated
emission is negligible compared to the spontaneous emission, leading to the unsaturated
steady state solution of the rate equation Eq. 11:

I
q L Sact

=
N̄
τs

, (37)

where L is the length of the SOA, Sact is the area of the active section of the SOA. Moreover, we
also suppose in this case that the carrier density N̄ is constant along the SOA. These hypothesis
are justified in moderate length SOAs because the amplified spontaneous emission does not
saturate the gain.
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Under these conditions, a measurement of the small signal modal gain Γg0 versus I will be
equivalent, owing to Eq. 44, to a determination of the modal gain Γḡ versus N̄/τs. Here, Γ is
the ratio Sact/S of the active to modal gain areas in the SOA.
A last relationship between N̄

τs
and M0 is then required to determine the modal gain Γḡ as a

function of M0. It is obtained by substituting Γg( N̄
τs

) in the saturated steady state solution of
the carriers rate equation Eq. 11:

I
q L Sact

− N̄
τs

− Γḡ( N̄
τs

)
h̄ω

M0

Γ
= 0, (38)

where the injected current I is now fixed by the operating conditions.
Added to the previous relationship between Γḡ and N̄

τs
, the Eq. 45 gives another expression of

Γḡ as a function of N̄
τs

, M0
Γ and I. Consequently, Γḡ and N̄

τs
can be known with respect to the

local intensity M0(z)
Γ and the injected current I.

To solve Eqs. 19, we need to express N̄ as a function of M0(z)
Γ and I. This is equivalent to

express N̄ with respect to N̄
τs

since N̄
τs

is known as a function of M0(z)
Γ and I. Consequently, we

model our SOA using the well-known equation:

N̄
τs

= AN̄ + BN̄2 + CN̄3, (39)

where A, B, and C, which are respectively the non-radiative, spontaneous and Auger
recombination coefficients, are the only parameters that will have to be fitted from the
experimental results.
Using Eq. 39 and the fact that we have proved that N̄/τs and Γḡ can be considered as function
of M0(z)

Γ and I only, we see that N̄, Γa = Γ ∂ḡ
∂N̄ , and Us

Γ = h̄ω
Γaτs

can also be considered as

functions of M0(z)
Γ and I. This permits to replace Eqs. 19 by the following system:

dM0

dz
=

(
Γḡ(

M0(z)
Γ

, I)− γ

)
M0, (40)

dE1
dz

=
1
2

(
Γḡ(

M0(z)
Γ

, I)− γ

)
E1 +

1 − iα
2

ΓΔg(
M0(z)

Γ
, I)E0, (41)

dE∗
−1

dz
=

1
2

(
ḡ(

M0(z)
Γ

, I)− γ

)
E∗
−1 +

1 + iα
2

ΓΔg(
M0(z)

Γ
, I)E∗

0 , (42)

with:

Δg(
M0(z)

Γ
, I) =

M1/Us(
M0(z)

Γ , I)

1 + ΓM0/Us(
M0(z)

Γ , I) − iΩτs(
M0(z)

Γ , I)
(43)

Eqs. 40, 41 and 42 are then numerically solved: Eq. 40 gives M0(z)
Γ , with the initial condition

M0(0)
Γ =

√
γi

Pin
Sact

, where Pin is the optical input power. M0(z)
Γ can be then introduced into

Eqs. 41, 42. It is then possible to simulate the optical fields E1, E−1, or the RF signal M1 (which
is equal either to E∗

0E1 + E0E∗−1, or to E∗
0E1, or to E0E∗−1, depending on the modulation format

before the photodiode).
It is important to note that the recombination coefficients A, B and C are the only fitting
parameters of this model. Once obtained from experimental data, they are fixed for any other
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I
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where L is the length of the SOA, Sact is the area of the active section of the SOA. Moreover, we
also suppose in this case that the carrier density N̄ is constant along the SOA. These hypothesis
are justified in moderate length SOAs because the amplified spontaneous emission does not
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Γḡ(

M0(z)
Γ

, I)− γ

)
E1 +

1 − iα
2

ΓΔg(
M0(z)

Γ
, I)E0, (41)

dE∗
−1

dz
=

1
2

(
ḡ(
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Eqs. 41, 42. It is then possible to simulate the optical fields E1, E−1, or the RF signal M1 (which
is equal either to E∗
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It is important to note that the recombination coefficients A, B and C are the only fitting
parameters of this model. Once obtained from experimental data, they are fixed for any other
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experimental conditions. Moreover, the only geometrical parameters that are required are the
length L of the SOA and the active area cross section Sact. The derivation of a predictive model,
independent of the experimental conditions (current and input optical power) is then possible,
provided that the simple measurements of the total losses and the small signal gain versus the
current are conducted. The above model lies in the fact that first, the spatial variations of
the saturation parameters are taken into account, and second, their values with respect to
the local optical power are deduced from a simple measurement. These keys ideas lead to a
very convenient model of the microwave complex transfer function of the SOA, and then of
the slow light properties of the component. It can be easily used to characterize commercial
components whose design details are usually unknown. We illustrate the accuracy and
the robustness of the model in the part 5. Lastly, it is worth mentioning that in order to
compute the complex transfer function of an architecture including a SOA and a filter, the
complex transfer function of the filter has to be then applied to the output field compounds
Ek computed by the previous model (Dúill et al., 2010a).

4.2 Distortion model
The model we present in this part is a generalization of the former one. It enables to take
into account higher order coherent population oscillations due to large signal modulation,
or the non-linearities at the input of the SOA (from the Mach-Zehnder that modulates
the optical beam for example), and can be used to compute the harmonic generation and
the intermodulation products. The detailed model is presented in (Berger, Bourderionnet,
Alouini, Bretenaker & Dolfi, 2009).

4.2.1 Harmonic generation
In order to find the level of the generated harmonics, we first consider that the input optical
field is modulated at the RF frequency Ω. |E|2, g and N are hence all time-periodic functions
with a fundamental frequency of Ω. They can therefore be written into Fourier harmonic
decompositions:

|E(z, t)|2 =
+∞

∑
k=−∞

Mk(z)e−ikΩt, (44)

N(z, t) = N̄(z) +
+∞

∑
k=−∞
k �=0

Nk(z)e−ikΩt, (45)

g(z, t) = ḡ(z) + a(z)
+∞

∑
k=−∞
k �=0

Nk(z)e
−ikΩt (46)

where N̄(z) and ḡ(z) respectively denote the DC components of the carrier density and of the
optical gain. a(z) is the SOA differential gain, defined as a(z) = ∂ḡ/∂N̄. Defining gk as the
oscillating component of the gain at frequency kΩ, and considering only a finite number K of
harmonics, the carrier rate equation (Eq. 11) can be written as:

h̄ω

(
I
qV

− N̄
τs

)
= α0 ḡ + ∑

p+q=0
p,q∈[−K,K]

p �=0

gpMq, (47)
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0 = αigi + ∑
p+k=i

p,q∈[−K,K]
p �=i

gpMq, for i �= 0 and i ∈ [−K,K] (48)

where αk = Us(1 + M0/Is − ikΩτs), and α0 = M0 is the DC optical intensity. Us denotes
the local saturation intensity and is defined as Us = h̄ω/aτs. It is worth mentioning that αk
is obtained at the first order of equation (Eq. 11), when mixing terms are not considered. It
is important to note that in the following, N̄, ḡ, a, τs, Us, and consequently the αk’s are all
actually functions of z. Their variations along the propagation axis is then taken into account,
unlike most of the reported models in which effective parameters are used (Agrawal, 1988;
Mørk et al., 2005; Su & Chuang, 2006).
In order to preserve the predictability of the model, ḡ, Us and τs has to be obtained as in the
small signal case. However, in the case of a large modulation index, an iterative procedure
has to be used: in a first step, we substitute N̄/τs, Us and τs in (47) by their small signal values

N̄/τ
(0)
s , U(0)

s and τ
(0)
s . The gain components ḡ and gk can be then extracted from Eqs. 47 and

48. Similarly to the small signal case, using equations (39) and (47), we obtain N̄/τ
(1)
s , U(1)

s

and τ
(1)
s as functions of I, A, B, C and Mk(z). This procedure is repeated until convergence of

N̄/τ
(n)
s , U(n)

s and τ
(n)
s , which typically occurs after a few tens of iterations.

The propagation equation (Eq 19) can now be expressed as:

dEk
dz

=
1
2

(ḡ− γi) Ek +
1 − iα

2 ∑
p+q=k,

−K<p,q<K

ΓgpEq, (49)

From these equations it is straightforward to deduce the equation for the component Mk
of the optical intensity, either if the modulation is single-sideband or double-sideband. For
numerical simulations, it is very useful to express the Eqs. 47, 48 and 49 in a matrix
formulation. The expressions can be found in (Berger, Bourderionnet, Alouini, Bretenaker
& Dolfi, 2009).
In the case of a real microwave photonics link, the harmonics at the input of the SOA, created
by the modulator, has to be taken into account. By using the reported model, the third
harmonic photodetected power, can be evaluated with:

H3 = 2Rη2
ph |M3,out× S|2 (50)

where R and ηph are respectively the photodiode resistive load (usually 50Ω) and efficiency
(assumed to be equal to 1). S denotes the SOA modal area.

4.2.2 Intermodulation distortion
Intermodulation distortion (IMD) calculation is slightly different from what has been
discussed in the above section. Indeed, the number of mixing terms that must be taken
into account is significantly higher. For radar applications a typical situation where the IMD
plays a crucial role is that of a radar emitting at a RF frequency Ω1, and facing a jammer
emitting at Ω2, close to Ω1. Both Ω1 and Ω2 are collected by the antenna and transferred to
the optical carrier through a single electro-optic modulator. The point is then to determine the
nonlinear frequency mixing due to the CPO inside the SOA. In particular, the mixing products
at frequencies Ω2 −Ω1 (or Ω1 −Ω2) and 2Ω2 −Ω1 (or 2Ω1 −Ω2) — respectively called second
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g(z, t) = ḡ(z) + a(z)
+∞

∑
k=−∞
k �=0

Nk(z)e
−ikΩt (46)
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= α0 ḡ + ∑

p+q=0
p,q∈[−K,K]

p �=0

gpMq, (47)

196 Advances in Optical Amplifiers

0 = αigi + ∑
p+k=i

p,q∈[−K,K]
p �=i

gpMq, for i �= 0 and i ∈ [−K,K] (48)

where αk = Us(1 + M0/Is − ikΩτs), and α0 = M0 is the DC optical intensity. Us denotes
the local saturation intensity and is defined as Us = h̄ω/aτs. It is worth mentioning that αk
is obtained at the first order of equation (Eq. 11), when mixing terms are not considered. It
is important to note that in the following, N̄, ḡ, a, τs, Us, and consequently the αk’s are all
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& Dolfi, 2009).
In the case of a real microwave photonics link, the harmonics at the input of the SOA, created
by the modulator, has to be taken into account. By using the reported model, the third
harmonic photodetected power, can be evaluated with:

H3 = 2Rη2
ph |M3,out× S|2 (50)

where R and ηph are respectively the photodiode resistive load (usually 50Ω) and efficiency
(assumed to be equal to 1). S denotes the SOA modal area.

4.2.2 Intermodulation distortion
Intermodulation distortion (IMD) calculation is slightly different from what has been
discussed in the above section. Indeed, the number of mixing terms that must be taken
into account is significantly higher. For radar applications a typical situation where the IMD
plays a crucial role is that of a radar emitting at a RF frequency Ω1, and facing a jammer
emitting at Ω2, close to Ω1. Both Ω1 and Ω2 are collected by the antenna and transferred to
the optical carrier through a single electro-optic modulator. The point is then to determine the
nonlinear frequency mixing due to the CPO inside the SOA. In particular, the mixing products
at frequencies Ω2 −Ω1 (or Ω1 −Ω2) and 2Ω2 −Ω1 (or 2Ω1 −Ω2) — respectively called second
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(IMD2) and third (IMD3) order intermodulation distortions — have to be evaluated at the
output of the SOA.
The main difference with harmonic calculation is that the optical intensity, and hence the SOA
carrier density N, and the SOA gain g are no longer time-periodic functions of period Ω, but
also of period δΩ = Ω2 − Ω1.
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We consider a typical radar frequency Ω1 of 10GHz, and a frequency spacing δΩ of 10MHz.
Here, for intermodulation distortion calculation, we assume that only the spectral components
at Ω1,2, 2Ω1,2, and all their first order mixing products significantly contribute to the
generation of IMD2 and IMD3, as illustrated in figure 9. The Mk’s and the gk’s are then
reduced in 19 elements vectors which can be gathered into blocks, the jth block containing
the mixing products with frequencies close to j× Ω1. The Eqs. 47, 48 and 49 can be then be
written as matrices in block, and the full procedure described in the previous can be applied
in the same iterative way to determine the gk’s, Us and τs, and to finally numerically solve the
equation (49). Detailed matrices are presented in (Berger, Bourderionnet, Alouini, Bretenaker
& Dolfi, 2009). Similarly to equation (50), the photodetected RF power at 2Ω2 − Ω1 is then
calculated through:

IMD3 = 2Rη2
ph|Mout

2Ω2−Ω1
× S|2 . (51)

We explained in this section how to adapt the predictive small-signal model including
dynamic saturation, in order to compute the harmonics and the intermodulation products,
while keeping the accuracy and predictability of the model. It is worth noticing that in a
general way, the propagation of the Fourier compounds of an optically carried microwave
signal into the SOA can be seen as resulting from an amplification process and a generation
process by frequency mixing through CPO. We will see in part 5 how these two effects, which
are in antiphase, can be advantageously used to linearize a microwave photonics link.
In order to compute the dynamic range of a microwave photonics link, the only missing
characteristic is the intensity noise.

4.3 Intensity noise
The additional intensity noise can be extracted from the model of the RF transfer function
described in section 4.1. The principle is detailed in (Berger, Alouini, Bourderionnet,
Bretenaker & Dolfi, 2009b). Indeed, when the noise is described in the semi-classical beating
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theory, the fields contributing to the intensity noise are the optical carrier and the spontaneous
emission. We define the input spontaneous emission power density as the quantum noise
source at the input of SOA, which can be extracted from a measurement of the optical noise
factor. The input intensity is then composed of:
(1) a spontaneous-spontaneous beat-note which is only responsive to the optical gain.
(2) a carrier-spontaneous beat-note, which can be considered as an optical carrier and a sum
of double-sideband modulation components at the frequency Ω (Olsson, 1989). However, the
right-shifted and the blue-shifted sidebands at Ω are incoherent. Consequently, the double
sidebands at Ω has to be taken into account as two independent single-sideband modulations.
Their respective contributions to the output intensity noise can be then computed from the
model of the RF transfer function described in section 4.1. All the contributions are finally
incoherently summed.
The relative intensity noise and the noise spectral density can be then easily modeled from
the RF transfer function described in section 4.1. It is interesting to observe that first
this model leads to an accurate description of the output intensity noise (Berger, Alouini,
Bourderionnet, Bretenaker & Dolfi, 2009b). Secondly, we can show that the relative intensity
noise after a SOA (without optical filter) is proportional to the RF transfer function, leading
to an almost constant carrier-to-noise ratio with respect to the RF frequency (Berger, Alouini,
Bourderionnet, Bretenaker & Dolfi, 2009a): the dip in the gain associated to tunable delays,
does not degrade the carrier-to-noise ratio. However, it is not anymore valid when an optical
filter is added before the photodiode (Duill et al., 2010b; Lloret et al., 2010), due to the
incoherent sum of the different noise contributions.

5. Dynamic range of slow and fast light based SOA link, used as a phase shifter

We focus here on the study of a single stage phase shifter consisting of a SOA followed by an
optical notch filter (ONF), which attenuates the red shifted modulation sideband (see section
3.2). In order to be integrated in a real radar system, the influence of such an architecture on
the microwave photonics link dynamic range has to be studied. The large phase shift obtained
by red sideband filtering is however accompanied by a significant amplitude reduction of the
RF signal at the phase jump. An important issue in evaluating the merits of the filtering
approach is its effect on the linearity of the link. Indeed, similarly to the fundamental signal
whose characteristics evolve with the degree of filtering, it is expected that attenuating the
red part of the spectrum should affect the nonlinear behavior of the CPO based phase shifter.
The nonlinearity we consider here is the third order intermodulation product (IMD3). This
nonlinearity accounts for the nonlinear mixing between neighboring frequencies f1 and f2 of
the RF spectrum, and refers to the detected RF power at frequencies 2 f2 − f1 and 2 f1 − f2.
Since these two frequencies are close to f1 and f2, this quantity is of particular importance in
radar and analog transmission applications, where IMD3 is the dominant detrimental effect
for MWP links (Ackerman, 1994).
To this aim, the predictions of the model presented in the previous part are compared with
experimental results (RF complex transfer function, intermodulation products IMD3). Then
we use our predictive model to find out the guidelines to optimize a microwave photonics
link including a SOA based phase shifter.

5.1 Experimental confirmation of the model predictions
The experimental set-up for IMD3 measurement is depicted on Fig. 10. The RF tones are
generated by two RF synthesizers at f1 = 10 GHz and f2 = 10.01 GHz. The two RF signals are
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We consider a typical radar frequency Ω1 of 10GHz, and a frequency spacing δΩ of 10MHz.
Here, for intermodulation distortion calculation, we assume that only the spectral components
at Ω1,2, 2Ω1,2, and all their first order mixing products significantly contribute to the
generation of IMD2 and IMD3, as illustrated in figure 9. The Mk’s and the gk’s are then
reduced in 19 elements vectors which can be gathered into blocks, the jth block containing
the mixing products with frequencies close to j× Ω1. The Eqs. 47, 48 and 49 can be then be
written as matrices in block, and the full procedure described in the previous can be applied
in the same iterative way to determine the gk’s, Us and τs, and to finally numerically solve the
equation (49). Detailed matrices are presented in (Berger, Bourderionnet, Alouini, Bretenaker
& Dolfi, 2009). Similarly to equation (50), the photodetected RF power at 2Ω2 − Ω1 is then
calculated through:

IMD3 = 2Rη2
ph|Mout

2Ω2−Ω1
× S|2 . (51)

We explained in this section how to adapt the predictive small-signal model including
dynamic saturation, in order to compute the harmonics and the intermodulation products,
while keeping the accuracy and predictability of the model. It is worth noticing that in a
general way, the propagation of the Fourier compounds of an optically carried microwave
signal into the SOA can be seen as resulting from an amplification process and a generation
process by frequency mixing through CPO. We will see in part 5 how these two effects, which
are in antiphase, can be advantageously used to linearize a microwave photonics link.
In order to compute the dynamic range of a microwave photonics link, the only missing
characteristic is the intensity noise.

4.3 Intensity noise
The additional intensity noise can be extracted from the model of the RF transfer function
described in section 4.1. The principle is detailed in (Berger, Alouini, Bourderionnet,
Bretenaker & Dolfi, 2009b). Indeed, when the noise is described in the semi-classical beating
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theory, the fields contributing to the intensity noise are the optical carrier and the spontaneous
emission. We define the input spontaneous emission power density as the quantum noise
source at the input of SOA, which can be extracted from a measurement of the optical noise
factor. The input intensity is then composed of:
(1) a spontaneous-spontaneous beat-note which is only responsive to the optical gain.
(2) a carrier-spontaneous beat-note, which can be considered as an optical carrier and a sum
of double-sideband modulation components at the frequency Ω (Olsson, 1989). However, the
right-shifted and the blue-shifted sidebands at Ω are incoherent. Consequently, the double
sidebands at Ω has to be taken into account as two independent single-sideband modulations.
Their respective contributions to the output intensity noise can be then computed from the
model of the RF transfer function described in section 4.1. All the contributions are finally
incoherently summed.
The relative intensity noise and the noise spectral density can be then easily modeled from
the RF transfer function described in section 4.1. It is interesting to observe that first
this model leads to an accurate description of the output intensity noise (Berger, Alouini,
Bourderionnet, Bretenaker & Dolfi, 2009b). Secondly, we can show that the relative intensity
noise after a SOA (without optical filter) is proportional to the RF transfer function, leading
to an almost constant carrier-to-noise ratio with respect to the RF frequency (Berger, Alouini,
Bourderionnet, Bretenaker & Dolfi, 2009a): the dip in the gain associated to tunable delays,
does not degrade the carrier-to-noise ratio. However, it is not anymore valid when an optical
filter is added before the photodiode (Duill et al., 2010b; Lloret et al., 2010), due to the
incoherent sum of the different noise contributions.

5. Dynamic range of slow and fast light based SOA link, used as a phase shifter

We focus here on the study of a single stage phase shifter consisting of a SOA followed by an
optical notch filter (ONF), which attenuates the red shifted modulation sideband (see section
3.2). In order to be integrated in a real radar system, the influence of such an architecture on
the microwave photonics link dynamic range has to be studied. The large phase shift obtained
by red sideband filtering is however accompanied by a significant amplitude reduction of the
RF signal at the phase jump. An important issue in evaluating the merits of the filtering
approach is its effect on the linearity of the link. Indeed, similarly to the fundamental signal
whose characteristics evolve with the degree of filtering, it is expected that attenuating the
red part of the spectrum should affect the nonlinear behavior of the CPO based phase shifter.
The nonlinearity we consider here is the third order intermodulation product (IMD3). This
nonlinearity accounts for the nonlinear mixing between neighboring frequencies f1 and f2 of
the RF spectrum, and refers to the detected RF power at frequencies 2 f2 − f1 and 2 f1 − f2.
Since these two frequencies are close to f1 and f2, this quantity is of particular importance in
radar and analog transmission applications, where IMD3 is the dominant detrimental effect
for MWP links (Ackerman, 1994).
To this aim, the predictions of the model presented in the previous part are compared with
experimental results (RF complex transfer function, intermodulation products IMD3). Then
we use our predictive model to find out the guidelines to optimize a microwave photonics
link including a SOA based phase shifter.

5.1 Experimental confirmation of the model predictions
The experimental set-up for IMD3 measurement is depicted on Fig. 10. The RF tones are
generated by two RF synthesizers at f1 = 10 GHz and f2 = 10.01 GHz. The two RF signals are
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Fig. 10. Experimental setup for IMD3 measurement. EDFA, Erbium-Doped Fiber Amplifier;
PC, Polarization Controller. The red-shifted sideband attenuation is varied from 0.5 dB to
24 dB (inset). Extracted from (Berger, Bourderionnet, Bretenaker, Dolfi, Dúill, Eisenstein &
Alouini, 2010).

combined to drive a zero-chirp Mach-Zehnder modulator (MZM). A single frequency tunable
laser source (TLS) feeds the MZM. The optically carried signal is coupled to the phase shifting
element that comprises a commercial SOA, an optical notch filter made of an isolator, and a
fiber Bragg grating (FBG). The 3 dB spectral bandwidth of the FBG is 0.2nm. The SOA gain
and the output saturation power are respectively 21.3 dB and 15 dBm at 500 mA bias current.
The optical power at the SOA input was set to 10 dBm which ensures operation in strong
saturation conditions, which is favorable for phase shifting applications (Shumakher et al.,
2009b). The various degrees of red-shifted optical sideband filtering are obtained by tuning
the optical carrier wavelength with respect to the central wavelength of the notch filter (see
Fig. 10, inset). Finally, to get rid of all photodiode nonlinearities, an optical attenuator was
placed before the detector. The detected RF signal is then sent to a RF spectrum analyzer
which records the output RF power at the four frequencies f1, f2, 2 f2 − f1 and 2 f1 − f2 for
IMD3 evaluation. The RF phase shift at 10 GHz is also measured using a vector network
analyzer (VNA). For our measurements, we considered four different wavelengths, that is,
four degrees of optical filtering (see inset of Fig. 10).
The plots presented in Fig. 11 correspond respectively from left to right to a red-shifted
sideband optical attenuation of 0.5, 14.4, 20 and 24 dB. The model predictions are in very
good agreement with the experimental results, for the RF phase, the RF output power and the
output IMD3 power.
The most important result of Fig. 11 is that theory and experiment agree remarkably well to
evidence the presence of a dip in power-versus-current characteristics of both the RF signal
and the IDM3. Although the two dips do not occur at the same bias current (respectively
200 mA and 120 mA for fundamental RF signal and IMD3), they behave similarly with respect
to the degree of filtering. Both dips decrease as the red-shifted sideband filtering diminishes,
and completely disappear in the absence of filtering. Indeed, as we explained in section,
the filtering reveals the index-gain coupling. Near the dip, the output signal comes equally
from the amplification of the input signal (contribution in phase), and from CPO enhanced by
index-coupling, (contribution almost in antiphase at 10 GHz) (see Fig. 7).
However, the dip in the IMD3 doesn’t lead directly to an improvement of the dynamic range
as it doesn’t appear for the same operating conditions than the phase shift. A trade-off has to
be found between the available phase shift and the dynamic range.
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Fig. 11. Top: RF phase shift at 10 GHz versus SOA bias current; Bottom: RF power at
fundamental frequency f1 (in blue), and at 2 f2 − f1, (IMD3, in red). From left to right,
red-shifted sideband attenuation increases from 0.5 dB to 24 dB. Symbols represent
experimental measurements, and solid lines show theoretical calculations. Extracted from
(Berger, Bourderionnet, Bretenaker, Dolfi, Dúill, Eisenstein & Alouini, 2010).

Fig. 12. In blue: Spurious Free Dynamic Range (SFDR); in green: available phase shift. Both
are represented with respect to the red sideband attenuation. The model prediction is
represented by a line, the dots are the experimental points.
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which records the output RF power at the four frequencies f1, f2, 2 f2 − f1 and 2 f1 − f2 for
IMD3 evaluation. The RF phase shift at 10 GHz is also measured using a vector network
analyzer (VNA). For our measurements, we considered four different wavelengths, that is,
four degrees of optical filtering (see inset of Fig. 10).
The plots presented in Fig. 11 correspond respectively from left to right to a red-shifted
sideband optical attenuation of 0.5, 14.4, 20 and 24 dB. The model predictions are in very
good agreement with the experimental results, for the RF phase, the RF output power and the
output IMD3 power.
The most important result of Fig. 11 is that theory and experiment agree remarkably well to
evidence the presence of a dip in power-versus-current characteristics of both the RF signal
and the IDM3. Although the two dips do not occur at the same bias current (respectively
200 mA and 120 mA for fundamental RF signal and IMD3), they behave similarly with respect
to the degree of filtering. Both dips decrease as the red-shifted sideband filtering diminishes,
and completely disappear in the absence of filtering. Indeed, as we explained in section,
the filtering reveals the index-gain coupling. Near the dip, the output signal comes equally
from the amplification of the input signal (contribution in phase), and from CPO enhanced by
index-coupling, (contribution almost in antiphase at 10 GHz) (see Fig. 7).
However, the dip in the IMD3 doesn’t lead directly to an improvement of the dynamic range
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are represented with respect to the red sideband attenuation. The model prediction is
represented by a line, the dots are the experimental points.
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5.2 Influence of the optical filtering on the performance of the phase shifter
To this aim, we compute the Spurious-Free Dynamic Range (SFDR), which is the key figure of
the dynamic range in microwave photonics (Ackerman, 1994). It is defined as the RF power
range where the intermodulation products IMD3 are below the noise floor. We represent in
Fig. 12 the SFDR and the available phase shift with respect to the red sideband attenuation.
It appears that the best trade-off between the dynamic range and the available phase shift
corresponds to the minimum strength of filtering which enables to reveal the index-gain
coupling. With this non-optimized link, we reach a SFDR of 90dB/Hz2/3 for an available
phase shift of 100 degrees.

5.3 Linearized amplification at high frequency
In a more general context, a SOA can be used to reduces the non-linearities of a microwave
photonics link. Indeed, the input linearities (from the modulator for example) can be reduced
by the nonlinearities generated by the gain in antiphase created by the CPO. It has already
been demonstrated using a single SOA (without optical filter) at low frequency (2 GHz) (Jeon
et al., 2002)). However with a single SOA, the gain in antiphase due to CPO is created only
at low frequency (below a few GHz), as it is illustrated on Fig. 5. However, when the SOA
is followed by an optical filter attenuating the red-shifted sideband, the gain in antiphase
is created at high frequency, as it is illustrated on Fig. 7. This architecture enables then a
linearization of the microwave photonics link well beyond the inverse of the carrier lifetime.
Indeed we have experimentally demonstrated that a dip in the IMD3 occurs at 10 GHz
(Fig. 11). However the instantaneous bandwidth is still limited to the GHz range.

6. Conclusion

We have reviewed the different set-ups proposed in literature, and we have given the physical
interpretation of each architecture, aiming at helping the reader to understand the underlying
physical mechanisms.
Moreover, we have shown that a robust and predictive model can be derived in order to
simulate and understand the RF transfer function, the generation of spurious signals through
harmonic distortion and intermodulation products, and the intensity noise at the output of
a SOA. This model takes into account the dynamic saturation along the propagation in the
SOA, which can be fully characterized by a simple measurement, and only relies on material
fitting parameters, independent of the optical intensity and the injected current. In these
conditions, the model is found to be predictive and can be used to simulate commercial SOAs
as well. Moreover, we have presented a generalization of the previous model, which permits
to describe harmonic generation and intermodulation distortions in SOAs. This model uses
a rigorous expression of the gain harmonics. Lastly, we showed the possibility to use this
generalized model of the RF transfer function to describe the intensity noise at the output of
the SOA.
This useful tool enables to optimize a microwave photonics link including a SOA, by finding
the best operating conditions according to the application. To illustrate this point, the model
is used to find out the guidelines for improving the MWP link dynamic range using a SOA
followed by an optical filter, in two cases: first, for phase shifting applications, we have shown
that the best trade-off between the dynamic range and the available phase shift corresponds
to the minimum strength of filtering which enables to reveal the index-gain coupling. Second,
we have experimentally demonstrated and have theoretically explained how an architecture
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composed of a SOA followed by an optical filter can reduce the non-linearities of the
modulator, at high frequency, namely beyond the inverse of the carrier lifetime.
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5.2 Influence of the optical filtering on the performance of the phase shifter
To this aim, we compute the Spurious-Free Dynamic Range (SFDR), which is the key figure of
the dynamic range in microwave photonics (Ackerman, 1994). It is defined as the RF power
range where the intermodulation products IMD3 are below the noise floor. We represent in
Fig. 12 the SFDR and the available phase shift with respect to the red sideband attenuation.
It appears that the best trade-off between the dynamic range and the available phase shift
corresponds to the minimum strength of filtering which enables to reveal the index-gain
coupling. With this non-optimized link, we reach a SFDR of 90dB/Hz2/3 for an available
phase shift of 100 degrees.

5.3 Linearized amplification at high frequency
In a more general context, a SOA can be used to reduces the non-linearities of a microwave
photonics link. Indeed, the input linearities (from the modulator for example) can be reduced
by the nonlinearities generated by the gain in antiphase created by the CPO. It has already
been demonstrated using a single SOA (without optical filter) at low frequency (2 GHz) (Jeon
et al., 2002)). However with a single SOA, the gain in antiphase due to CPO is created only
at low frequency (below a few GHz), as it is illustrated on Fig. 5. However, when the SOA
is followed by an optical filter attenuating the red-shifted sideband, the gain in antiphase
is created at high frequency, as it is illustrated on Fig. 7. This architecture enables then a
linearization of the microwave photonics link well beyond the inverse of the carrier lifetime.
Indeed we have experimentally demonstrated that a dip in the IMD3 occurs at 10 GHz
(Fig. 11). However the instantaneous bandwidth is still limited to the GHz range.

6. Conclusion

We have reviewed the different set-ups proposed in literature, and we have given the physical
interpretation of each architecture, aiming at helping the reader to understand the underlying
physical mechanisms.
Moreover, we have shown that a robust and predictive model can be derived in order to
simulate and understand the RF transfer function, the generation of spurious signals through
harmonic distortion and intermodulation products, and the intensity noise at the output of
a SOA. This model takes into account the dynamic saturation along the propagation in the
SOA, which can be fully characterized by a simple measurement, and only relies on material
fitting parameters, independent of the optical intensity and the injected current. In these
conditions, the model is found to be predictive and can be used to simulate commercial SOAs
as well. Moreover, we have presented a generalization of the previous model, which permits
to describe harmonic generation and intermodulation distortions in SOAs. This model uses
a rigorous expression of the gain harmonics. Lastly, we showed the possibility to use this
generalized model of the RF transfer function to describe the intensity noise at the output of
the SOA.
This useful tool enables to optimize a microwave photonics link including a SOA, by finding
the best operating conditions according to the application. To illustrate this point, the model
is used to find out the guidelines for improving the MWP link dynamic range using a SOA
followed by an optical filter, in two cases: first, for phase shifting applications, we have shown
that the best trade-off between the dynamic range and the available phase shift corresponds
to the minimum strength of filtering which enables to reveal the index-gain coupling. Second,
we have experimentally demonstrated and have theoretically explained how an architecture
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composed of a SOA followed by an optical filter can reduce the non-linearities of the
modulator, at high frequency, namely beyond the inverse of the carrier lifetime.

7. References

Ackerman, E. (1994). Photonic Aspects of modern radar, Artech House.
Agrawal, G. P. (1988). Population pulsations and nondegenerate four-wave mixing in

semiconductor lasers and amplifiers, J. Opt. Soc. Am. B 5(1): 147–159.
Agrawal, G. P. & Dutta, N. K. (1993). Semiconductor Lasers, Kluwer Academic, Boston.
Anton, M. A., Carreno, F., Calderon, O. G., Melle, S. & Arrieta-Yanez, F. (2009).

Phase-controlled slow and fast light in current-modulated SOA, Journal of Physics
B: Atomic, Molecular and Optical Physics 42(9): 095403 (8pp).

Berger, P., Alouini, M., Bourderionnet, J., Bretenaker, F. & Dolfi, D. (2009a). Influence
of slow light effect in semiconductor amplifiers on the dynamic range of
microwave-photonics links, Slow and Fast Light, Optical Society of America, p. SMB6.

Berger, P., Alouini, M., Bourderionnet, J., Bretenaker, F. & Dolfi, D. (2009b). Slow light using
semiconductor optical amplifiers: Model and noise characteristics, C. R. Physique
10: 991–999.

Berger, P., Alouini, M., Bourderionnet, J., Bretenaker, F. & Dolfi, D. (2010). Dynamic saturation
in semiconductoroptical amplifiers: accurate model, roleof carrier density, and slow
light, Opt. Express 18(2): 685–693.

Berger, P., Bourderionnet, J., Alouini, M., Bretenaker, F. & Dolfi, D. (2009). Theoretical study
of the spurious-free dynamic range of a tunable delay line based on slow light in soa,
Opt. Express 17(22): 20584–20597.

Berger, P., Bourderionnet, J., Bretenaker, F., Dolfi, D., Dúill, S. O., Eisenstein, G. & Alouini, M.
(2010). Intermodulation distortion in microwave phase shifters based on slow and
fast light propagation in SOA, Opt. Lett. 35(16): 2762–2764.

Berger, P., Bourderionnet, J., de Valicourt, G., Brenot, R., Dolfi, D., Bretenaker, F. & Alouini,
M. (2010). Experimental demonstration of enhanced slow and fast light by forced
coherent population oscillations in a semiconductor optical amplifier, Opt. Lett.
35: 2457.

Bogatov, A. P., Eliseev, P. G. & Sverdlov, B. N. (1975). Anomalous interaction of spectral modes
in a semiconductor laser, Quantum Electronics, IEEE Journal of 11: 510.

Boula-Picard, R., Alouini, M., Lopez, J., Vodjdani, N. & Simon, J.-C. (2005). Impact of the gain
saturation dynamics in semiconductor optical amplifiers on the characteristics of an
analog optical link,

Capmany, J., Sales, S., Pastor, D. & Ortega, B. (2002). Optical mixing of microwave signals in
a nonlinear semiconductor laser amplifier modulator, Opt. Express 10(3): 183–189.

Dúill, S. O., Shumakher, E. & Eisenstein, G. (2010a). The role of optical filtering in microwave
phase shifting, Opt. Lett. 35(13): 2278–2280.

Duill, S., Shumakher, E. & Eisenstein, G. (2010b). Noise properties of microwave phase shifters
based on SOA, Lightwave Technology, Journal of 28(5): 791 –797.

Henry, C. (1982). Theory of the linewidth of semiconductor lasers, Quantum Electronics, IEEE
Journal of 18(2): 259 – 264.

Jeon, D.-H., Jung, H.-D. & Han, S.-K. (2002). Mitigation of dispersion-induced effects using soa
in analog optical transmission, Photonics Technology Letters, IEEE 14(8): 1166 – 1168.

203Slow and Fast Light in Semiconductor Optical Amplifiers for Microwave Photonics Applications



Lloret, J., Ramos, F., Sancho, J., Gasulla, I., Sales, S. & Capmany, J. (2010). Noise spectrum
characterization of slow light soa-based microwave photonic phase shifters, Photonics
Technology Letters, IEEE 22(13): 1005 –1007.

Mørk, J., Kjær, R., van der Poel, M. & Yvind, K. (2005). Slow light in a semiconductor
waveguide at gigahertz frequencies, Opt. Express 13(20): 8136–8145.

Olsson, N. (1989). Lightwave systems with optical amplifiers, Lightwave Technology, Journal of
7(7): 1071–1082.

Peatross, J., Glasgow, S. A. & Ware, M. (2000). Average energy flow of optical pulses in
dispersive media, Phys. Rev. Lett. 84(11): 2370–2373.

Pesala, B., Chen, Z., Uskov, A. V. & Chang-Hasnain, C. (2006). Experimental demonstration
of slow and superluminal light in semiconductor optical amplifiers, Opt. Express
14(26): 12968–12975.

Shumakher, E., Duill, S. & Eisenstein, G. (2009a). Optoelectronic oscillator tunable by an soa
based slow light element, Lightwave Technology, Journal of 27(18): 4063–4068.

Shumakher, E., Dúill, S. O. & Eisenstein, G. (2009b). Signal-to-noise ratio of a semiconductor
optical-amplifier-based optical phase shifter, Opt. Lett. 34(13): 1940–1942.

Su, H. & Chuang, S. L. (2006). Room temperature slow and fast light in quantum-dot
semiconductor optical amplifiers, Applied Physics Letters 88(6): 061102.

Xue, W., Chen, Y., Öhman, F., Sales, S. & Mørk, J. (2008). Enhancing light slow-down in
semiconductor optical amplifiers by optical filtering, Opt. Lett. 33(10): 1084–1086.

Xue, W., Sales, S., Capmany, J. & Mørk, J. (2009). Experimental demonstration of 360otunable
rf phase shift using slow and fast light effects, Slow and Fast Light, Optical Society of
America, p. SMB6.

Xue, W., Sales, S., Mork, J. & Capmany, J. (2009). Widely tunable microwave photonic
notch filter based on slow and fast light effects, Photonics Technology Letters, IEEE
21(3): 167–169.

204 Advances in Optical Amplifiers

10 

Photonic Integrated Semiconductor Optical 
Amplifier Switch Circuits 

R. Stabile and K.A. Williams 
Eindhoven University of Technology 

The Netherlands 

1. Introduction    
The acceptance of pervasive digital media has placed society in the Exabyte era (1015 Bytes). 
However the data centres and switching technologies at the heart of the Internet have led to 
an industry with CO2 emissions comparable to aviation (Congress 2007). Electronics now 
struggles with bandwidth and power. Electronic processor speeds had historically followed 
Gordon Moore's exponential law (Roadmap 2005), but have recently limited at a few 
thousand Megahertz. Chips now get too hot to operate efficiently at higher speed and thus 
performance gains are achieved by running increasing numbers of moderate speed circuits 
in parallel. A bottleneck is now emerging in the interconnection network. As interconnection 
is increasingly performed in the optical domain, it is increasingly attractive to introduce 
photonic switching technology. While there is still considerable debate with regard to the 
precise role for photonics (Huang et al., 2003; Grubb et al., 2006; Tucker, 2008; Miller 2010), 
new power-efficient, cost-effective and broadband approaches are actively pursued. 
Supercomputers and data centers already deploy photonics to simplify and manage 
interconnection and are set to benefit from progress in parallel optical interconnects 
(Adamiecki et al., 2005; Buckman et al., 2004; Lemoff et al., 2004; Patel et al., 2003; Lemoff et al., 
2005; Shares et al., 2006; Dangel et al., 2008). However, it is much more efficient to route the 
data over reconfigurable wiring, than to overprovision the optical wiring.  Wavelength 
domain routing has been seen by many as the means to add such reconfigurability. Fast 
tuneable lasers (Gripp et al., 2003) and tuneable wavelength converters (Nicholes et al., 2010) 
have made significant progress, although bandwidth and connectivity remain restrictive so 
far. All-optical techniques have been considered to make the required step-change in 
processing speeds. Nonlinearities accessible with high optical powers and high electrical 
currents in semiconductor optical amplifiers (SOAs) create mixing products which can copy 
broadband information photonically (Stubkjaer, 2000; Ellis et al., 1995; Spiekman et al., 2000). 
When used with a suitable filter, these effects can be exploited to create photonic switches and 
even logic. However, the required combination of high power lasers, high current SOAs and 
tight tolerance filters is a very difficult one to integrate and scale. Hybrid electronic and 
photonic switching approaches (Chiaroni et al., 2010) are increasingly studied to perform 
broadband signal processing functions in the simplist and most power-efficient manner while 
managing deep memory and high computation functions electronically. This can still reduce 
network delay and remove power-consuming optical-electronic-optical conversions (Masetti et 



Lloret, J., Ramos, F., Sancho, J., Gasulla, I., Sales, S. & Capmany, J. (2010). Noise spectrum
characterization of slow light soa-based microwave photonic phase shifters, Photonics
Technology Letters, IEEE 22(13): 1005 –1007.

Mørk, J., Kjær, R., van der Poel, M. & Yvind, K. (2005). Slow light in a semiconductor
waveguide at gigahertz frequencies, Opt. Express 13(20): 8136–8145.

Olsson, N. (1989). Lightwave systems with optical amplifiers, Lightwave Technology, Journal of
7(7): 1071–1082.

Peatross, J., Glasgow, S. A. & Ware, M. (2000). Average energy flow of optical pulses in
dispersive media, Phys. Rev. Lett. 84(11): 2370–2373.

Pesala, B., Chen, Z., Uskov, A. V. & Chang-Hasnain, C. (2006). Experimental demonstration
of slow and superluminal light in semiconductor optical amplifiers, Opt. Express
14(26): 12968–12975.

Shumakher, E., Duill, S. & Eisenstein, G. (2009a). Optoelectronic oscillator tunable by an soa
based slow light element, Lightwave Technology, Journal of 27(18): 4063–4068.

Shumakher, E., Dúill, S. O. & Eisenstein, G. (2009b). Signal-to-noise ratio of a semiconductor
optical-amplifier-based optical phase shifter, Opt. Lett. 34(13): 1940–1942.

Su, H. & Chuang, S. L. (2006). Room temperature slow and fast light in quantum-dot
semiconductor optical amplifiers, Applied Physics Letters 88(6): 061102.

Xue, W., Chen, Y., Öhman, F., Sales, S. & Mørk, J. (2008). Enhancing light slow-down in
semiconductor optical amplifiers by optical filtering, Opt. Lett. 33(10): 1084–1086.

Xue, W., Sales, S., Capmany, J. & Mørk, J. (2009). Experimental demonstration of 360otunable
rf phase shift using slow and fast light effects, Slow and Fast Light, Optical Society of
America, p. SMB6.

Xue, W., Sales, S., Mork, J. & Capmany, J. (2009). Widely tunable microwave photonic
notch filter based on slow and fast light effects, Photonics Technology Letters, IEEE
21(3): 167–169.

204 Advances in Optical Amplifiers

10 

Photonic Integrated Semiconductor Optical 
Amplifier Switch Circuits 

R. Stabile and K.A. Williams 
Eindhoven University of Technology 

The Netherlands 

1. Introduction    
The acceptance of pervasive digital media has placed society in the Exabyte era (1015 Bytes). 
However the data centres and switching technologies at the heart of the Internet have led to 
an industry with CO2 emissions comparable to aviation (Congress 2007). Electronics now 
struggles with bandwidth and power. Electronic processor speeds had historically followed 
Gordon Moore's exponential law (Roadmap 2005), but have recently limited at a few 
thousand Megahertz. Chips now get too hot to operate efficiently at higher speed and thus 
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photonic switching approaches (Chiaroni et al., 2010) are increasingly studied to perform 
broadband signal processing functions in the simplist and most power-efficient manner while 
managing deep memory and high computation functions electronically. This can still reduce 
network delay and remove power-consuming optical-electronic-optical conversions (Masetti et 
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al., 2003; Chiaroni et al., 2004). The SOA gate has provided the underlying switch element for 
the many of these demonstrators, leading to a new class of bufferless photonic switch which 
assumes (Shacham et al., 2005; Lin et al., 2005; Glick et al., 2005) or implements (Hemenway et 
al., 2004) buffering at the edge of the photonic network. Such approaches become more 
acceptable in short-reach computer networking where each connection already offers 
considerable buffering (McAuley, 2003). Formidable challenges still remain in terms of 
bandwidth, cost, connectivity, and energy footprint, but photonic integration is now striving to 
deliver in many of these areas (Grubb et al, 2006; Maxwell, 2006; Nagarajan & Smit, 2007). 
This chapter addresses the engineering of SOA gates for high-connectivity integrated 
photonic switching circuits. Section 2 reviews the characteristics of the SOA gates 
themselves, considering signal integrity, bandwidth and energy efficiency. Section 3 gives a 
quantitative insight into the performance of SOA gates in meshed networks, addressing 
noise, distortion and crosstalk. Section 4 reviews the scalability of single stage integrated 
switches before considering recent progress in monolithic multi-stage interconnection 
networks in Section 5. Section 6 provides an outlook. 

2. SOA gates 
SOA gates exhibit a multi-Terahertz bandwidth which may be switched from a high-gain 
state to a high-loss state within a nanosecond using low-voltage electronics. The electronic 
structure is that of a diode, typically with a low sub-Volt turn on voltage and series 
resistance of a few Ohms. Photonic switching circuits using SOAs have therefore been 
relatively straight forward to implement in the laboratory. The required electrical power for 
the SOA gate is largely independent of the optical signal, thus breaking the link between 
rising energy consumption and rising line-rate which plagues electronics. SOA gates and the 
underlying III-V technologies also bring the ability to integrate broadband controllable gain 
elements with the broadest range of photonic components. A wide range of optical switch 
concepts based on SOAs have already been proposed to facilitate nanosecond timescale path 
reconfiguration (Renaud et al., 1996; Williams, 2007) performing favourably with the even 
broader range of high speed photonic techniques (Williams et al., 2005). Now we review the 
state of the art for the SOA gate technology itself, highlighting system level metrics in terms 
of signal integrity, bandwidth and power efficiency.   

2.1 Signal integrity 
The broadband optical signal into an amplifying SOA gate potentially accrues noise and 
distortion in amplitude and phase. Noise degrades signal integrity for very low optical 
input powers, while distortion can limit very high input power operation. The useful 
intermediate operating range, commonly described as the input power dynamic range 
(Wolfson, 1999), is therefore maximised through the reduction of the noise figure and 
increase in the distortion threshold. The signal degradation is generally characterised in 
terms of the additional signal power penalty required to maintain received signal integrity.  
Figure 1 quantifies power penalty degradation in terms of noise at low optical input powers 
and distortion at high optical input powers for the case of a two input two output 2x2 SOA 
switch fabric (Williams, 2006).    
Noise originates primarily from the amplified spontaneous emission inherent in the on-state 
SOA gate. The treatment for optical systems has been most comprehensively treated for 
fiber amplifier circuits (Desurvire, 1994). The interactions of signals, shot noise, amplified  
 

Photonic Integrated Semiconductor Optical Amplifier Switch Circuits   

 

207 

-25 -20 -15 -10 -5 00

-21

-12

03

14

Input power per wavelength channel [dBm]

Sw
itc

h 
fa

br
ic

 g
ai

n 
[d

B]

Po
w

er
 p

en
al

ty
 [d

B]

 
Fig. 1. Simulated input power dynamic range for a 2x2 SOA switch fabric (Williams, 2006) 

spontaneous emission noise and the respective beat terms can require careful filtering and 
bandwidth management to ensure optimum performance. The alignment of optical signals 
with respect to the gain spectrum also impacts performance through the degree of 
population inversion. Noise may be managed through the minimisation of loss and the 
reduced requirement for high current amplifiers (Lord & Stallard, 1989). State of the art 
noise figures for fiber-coupled SOAs are of the order 6-8dB (Borghesani et al., 2003), 
depending on whether the structure is optimised for low-power input signals (pre-
amplifiers) or power booster amplifiers (post-amplifiers). These values are higher than for 
fiber amplifiers, due to the losses in fiber to chip coupling and imperfect population 
inversion. The design focus has therefore been on reducing losses (Morito et al., 2005). 
Distortion in the saturation regime results from the charge carrier depletion from the incoming 
data signal. When optical data signals are amplitude-modulated (on-off keyed), the signal can 
deplete charge carriers and therefore reduce gain on the timescale of the spontaneous lifetime. 
This leads to the time dependent patterning and therefore nonlinear distortions on the optical 
output signal waveform. This can be alleviated by changing the data format: Proposals range 
from wavelength keying (Ho et al., 1996; Kim & Chandrasekhar, 2000), wavelength domain 
power averaging (Mikkelsen et al., 2000; Shao et al., 1994), and wavelength coding (Roberts et 
al., 2005) for on-off keyed modulation.  Increasingly popular constant power envelope formats 
(Wei et al., 2004; Cho et al., 2004; Ciaramella et al., 2008, Winzer, 2009) are also more resilient. 
Distortion is less evident for very low data rates where bit periods exceed the nanosecond 
time-scale spontaneous lifetime, and also for very high data rates where the longest sequence 
of bits are shorter than the spontaneous lifetime. Indeed, the optical transfer function can be 
considered as a notch filter and this mode of operation has already been exploited for noise 
suppression (Sato & Toba, 2001).   
Pseudo random bit sequences are routinely used to assess data transmission. The longer 231 

patterns have been particularly important for point to point telecommunications links to 
stress-test all elements for the broadest bandwidth. The longest sequence of ones in a 231 
pattern remains at the same level for over 3ns for a 10Gbit/s sequence, and is thus sensitive 
to patterning (Burmeister & Bowers, 2006). However line rates of 100Gbit/s and above 
would lead to maximum length sequences shorter than the spontaneous lifetime. For higher 
line rates still, sophisticated optical multiplexing schemes are devised, and the concept of 
the pattern length becomes less meaningful: Wavelength multiplexing measurements 
commonly decorrelate replicas of the same signals (Lin et al., 2007), while optically 
multiplexed signals use calibrated interleavers available only for the shortest 27 pattern 
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terms of the additional signal power penalty required to maintain received signal integrity.  
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Fig. 1. Simulated input power dynamic range for a 2x2 SOA switch fabric (Williams, 2006) 

spontaneous emission noise and the respective beat terms can require careful filtering and 
bandwidth management to ensure optimum performance. The alignment of optical signals 
with respect to the gain spectrum also impacts performance through the degree of 
population inversion. Noise may be managed through the minimisation of loss and the 
reduced requirement for high current amplifiers (Lord & Stallard, 1989). State of the art 
noise figures for fiber-coupled SOAs are of the order 6-8dB (Borghesani et al., 2003), 
depending on whether the structure is optimised for low-power input signals (pre-
amplifiers) or power booster amplifiers (post-amplifiers). These values are higher than for 
fiber amplifiers, due to the losses in fiber to chip coupling and imperfect population 
inversion. The design focus has therefore been on reducing losses (Morito et al., 2005). 
Distortion in the saturation regime results from the charge carrier depletion from the incoming 
data signal. When optical data signals are amplitude-modulated (on-off keyed), the signal can 
deplete charge carriers and therefore reduce gain on the timescale of the spontaneous lifetime. 
This leads to the time dependent patterning and therefore nonlinear distortions on the optical 
output signal waveform. This can be alleviated by changing the data format: Proposals range 
from wavelength keying (Ho et al., 1996; Kim & Chandrasekhar, 2000), wavelength domain 
power averaging (Mikkelsen et al., 2000; Shao et al., 1994), and wavelength coding (Roberts et 
al., 2005) for on-off keyed modulation.  Increasingly popular constant power envelope formats 
(Wei et al., 2004; Cho et al., 2004; Ciaramella et al., 2008, Winzer, 2009) are also more resilient. 
Distortion is less evident for very low data rates where bit periods exceed the nanosecond 
time-scale spontaneous lifetime, and also for very high data rates where the longest sequence 
of bits are shorter than the spontaneous lifetime. Indeed, the optical transfer function can be 
considered as a notch filter and this mode of operation has already been exploited for noise 
suppression (Sato & Toba, 2001).   
Pseudo random bit sequences are routinely used to assess data transmission. The longer 231 

patterns have been particularly important for point to point telecommunications links to 
stress-test all elements for the broadest bandwidth. The longest sequence of ones in a 231 
pattern remains at the same level for over 3ns for a 10Gbit/s sequence, and is thus sensitive 
to patterning (Burmeister & Bowers, 2006). However line rates of 100Gbit/s and above 
would lead to maximum length sequences shorter than the spontaneous lifetime. For higher 
line rates still, sophisticated optical multiplexing schemes are devised, and the concept of 
the pattern length becomes less meaningful: Wavelength multiplexing measurements 
commonly decorrelate replicas of the same signals (Lin et al., 2007), while optically 
multiplexed signals use calibrated interleavers available only for the shortest 27 pattern 
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sequences (Albores et al., 2009). Packet switched test-beds impose more fundamental 
constraints: a 231 sequence contains over two billion bits, far exceeding any likely data 
packet length. Codes for receiver power balancing and packet checking also limit the 
effective pattern lengths, and therefore shorter sequences are commonly used.  
Techniques to increase the distortion threshold are readily understood through a 
manipulation of the steady state charge carrier rate equation. Equation 1 approximates the 
rate of change of charge carriers (left) in terms of the injected current, stimulated 
amplification, and spontaneous emission (right). The steady state condition is defined when 
the derivative tends to zero (dN/dt → 0). 

 dN/dt = I/eV – Γdg/dn(N-N0)P – N/τs → 0 (1) 

The terms in Equation 1 correspond to the injected current I into active volume V. N represents 
the charge carrier density, Γ is the optical overlap integral describing the proportion of 
amplified light which overlaps with the active layer. dg/dn is the differential gain and N0 is the 
transparency carrier density. τs is the charge carrier lifetime. By defining a gain term G = dg/dn 
(N-N0) it is possible to substitute out the unknown carrier density variable N in Equation 1 and 
derive an expression for gain saturation by rearranging equation (1):   

 G ( 1 + Γτs dg/dn P) = g ( τsI/eV –  N0 ) (2) 

In the linear limit, the photon density P tends to zero, and the right hand side variables may 
be approximated by one linear gain term Glinear = g ( τsI/eV –  N0 ). A general expression for 
gain G may thus be defined in terms of a linear gain Glinear, photon density P and a photon 
density saturation term such that G = Glinear/(1+P/Psaturation). Saturation is now simply defined 
in terms of optical overlap integral Γ, carrier lifetime τs and differential gain dg/dn (Equation 
3) and it turns out that each of these parameters can be exploited to reduce distortion. 

 Psaturation = (Γτs dg/dn) -1 (3) 

The optical overlap integral is defined by the waveguide design which has been chosen to 
confine the carriers and the optical mode. While bulk active regions offer the highest 
confinement, quantum wells (in reducing numbers) allow for an increase in distortion 
threshold with output saturation powers of order +15dBm and higher being reported 
(Borghesani et al., 2003; Morito et al., 2003). Quantum dot epitaxies allow even further 
reductions in optical overlap for the highest reported saturation powers (Akiyama et al., 2005). 
Tapered waveguide techniques additionally offer improved optical power handling (Donnelly 
et al., 1996; Dorgeuille et al., 1996). Optimising optical overlap does however have implications 
for current consumption, electro-optic efficiency and signal extinction in the off-state. 
The carrier lifetime can be speeded up using an additional optical pump (Yoshino & Inoue, 
1996; Pleumeekers et al., 2002; Yu & Jeppesen, 2001; Dupertuis et al., 2000). A natural evolution 
of this, gain clamping (Tiemeijer & Groeneveld, 1995; Bachman et al., 1996; Soulage et al., 
1994), has also been extensively studied as a means to increase the distortion threshold. Here 
the amplification occurs within a lasing cavity and so an out-of-band oscillation defines the 
carrier density N at the threshold gain condition through fast stimulated emission. Gain 
clamping can increase the distortion threshold by several decibels (Wolfson, 1999; Williams et 
al., 2002) and can even be extended to allow variable gain (Davies et al., 2002).   
The differential gain term in equation 2 describes how the change in complex dielectric 
constant amplifies the optical signal. This parameter may be engineered through epitaxial 
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design. The associated differential refractive index modulation, commonly approximated by a 
line-width broadening coefficient, can also be exploited to suppress distortion. Fast chirped 
components may be precision filtered from slower chirped components in the output signal to 
enhance the effective bandwidth (Inoue, 1997; Manning et al., 2007). While the approach does 
remove energy from the optical signal, it also enables some of the most impressive line rates in 
all-optical switching (Liu et al., 2007). 

2.2 Bandwidth 
SOA gates may be characterised by a number of time-constants and bandwidths. The 
Gigahertz speed at which the circuit may be electronically reconfigured is determined 
primarily by the spontaneous recombination lifetime and any speed-up technique employed 
(section 2.1). While this time constant has an impact on the durations of packets and guard-
bands in a packet-type network, this does not directly impact the signalling speed, where 
the multi-Terahertz optical gain bandwidth of the SOA becomes important. These limits are 
now discussed in the context of state of the art.   
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Fig. 2. Dynamic routing with nanosecond switching windows for a SOA cyclic router (Rohit 
et al., 2010):  
a) The microscope photograph for the SOA gate array and arrayed waveguide cyclic router 
b) The waveguide arrangement fot the single input, multiple output circuit 
c) Time traces showing the selecting and routing of wavelength channels  

The electronic switching time from high gain to high loss is limited primarily by the 
spontaneous recombination lifetime with reports routinely in the nanosecond range 
(Dorgeuille et al., 1998; Kikichi et al., 2003; Albores-Mejia et al., 2010; Rohit et al., 2010; 
Burmeister & Bowers, 2006), enabling comparable nanosecond duration dark guard bands 
between data packets. Figure 2 shows how such fast switching speeds can be exploited in 
the routing of data in a SOA-gated router. Schemes for label based routing have been 
reported using comparable approaches (Lee et al., 2005; Shacham et al., 2005). 
Real time current control has been considered as a means to ensure optimum operating 
characteristics of the individual SOA gates. Techniques range from the monitoring of the 
narrow-band tone (Ellis et al., 1988) and broad-band data (Wonfor et al., 2001) on the SOA 
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sequences (Albores et al., 2009). Packet switched test-beds impose more fundamental 
constraints: a 231 sequence contains over two billion bits, far exceeding any likely data 
packet length. Codes for receiver power balancing and packet checking also limit the 
effective pattern lengths, and therefore shorter sequences are commonly used.  
Techniques to increase the distortion threshold are readily understood through a 
manipulation of the steady state charge carrier rate equation. Equation 1 approximates the 
rate of change of charge carriers (left) in terms of the injected current, stimulated 
amplification, and spontaneous emission (right). The steady state condition is defined when 
the derivative tends to zero (dN/dt → 0). 

 dN/dt = I/eV – Γdg/dn(N-N0)P – N/τs → 0 (1) 

The terms in Equation 1 correspond to the injected current I into active volume V. N represents 
the charge carrier density, Γ is the optical overlap integral describing the proportion of 
amplified light which overlaps with the active layer. dg/dn is the differential gain and N0 is the 
transparency carrier density. τs is the charge carrier lifetime. By defining a gain term G = dg/dn 
(N-N0) it is possible to substitute out the unknown carrier density variable N in Equation 1 and 
derive an expression for gain saturation by rearranging equation (1):   

 G ( 1 + Γτs dg/dn P) = g ( τsI/eV –  N0 ) (2) 

In the linear limit, the photon density P tends to zero, and the right hand side variables may 
be approximated by one linear gain term Glinear = g ( τsI/eV –  N0 ). A general expression for 
gain G may thus be defined in terms of a linear gain Glinear, photon density P and a photon 
density saturation term such that G = Glinear/(1+P/Psaturation). Saturation is now simply defined 
in terms of optical overlap integral Γ, carrier lifetime τs and differential gain dg/dn (Equation 
3) and it turns out that each of these parameters can be exploited to reduce distortion. 

 Psaturation = (Γτs dg/dn) -1 (3) 

The optical overlap integral is defined by the waveguide design which has been chosen to 
confine the carriers and the optical mode. While bulk active regions offer the highest 
confinement, quantum wells (in reducing numbers) allow for an increase in distortion 
threshold with output saturation powers of order +15dBm and higher being reported 
(Borghesani et al., 2003; Morito et al., 2003). Quantum dot epitaxies allow even further 
reductions in optical overlap for the highest reported saturation powers (Akiyama et al., 2005). 
Tapered waveguide techniques additionally offer improved optical power handling (Donnelly 
et al., 1996; Dorgeuille et al., 1996). Optimising optical overlap does however have implications 
for current consumption, electro-optic efficiency and signal extinction in the off-state. 
The carrier lifetime can be speeded up using an additional optical pump (Yoshino & Inoue, 
1996; Pleumeekers et al., 2002; Yu & Jeppesen, 2001; Dupertuis et al., 2000). A natural evolution 
of this, gain clamping (Tiemeijer & Groeneveld, 1995; Bachman et al., 1996; Soulage et al., 
1994), has also been extensively studied as a means to increase the distortion threshold. Here 
the amplification occurs within a lasing cavity and so an out-of-band oscillation defines the 
carrier density N at the threshold gain condition through fast stimulated emission. Gain 
clamping can increase the distortion threshold by several decibels (Wolfson, 1999; Williams et 
al., 2002) and can even be extended to allow variable gain (Davies et al., 2002).   
The differential gain term in equation 2 describes how the change in complex dielectric 
constant amplifies the optical signal. This parameter may be engineered through epitaxial 
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design. The associated differential refractive index modulation, commonly approximated by a 
line-width broadening coefficient, can also be exploited to suppress distortion. Fast chirped 
components may be precision filtered from slower chirped components in the output signal to 
enhance the effective bandwidth (Inoue, 1997; Manning et al., 2007). While the approach does 
remove energy from the optical signal, it also enables some of the most impressive line rates in 
all-optical switching (Liu et al., 2007). 

2.2 Bandwidth 
SOA gates may be characterised by a number of time-constants and bandwidths. The 
Gigahertz speed at which the circuit may be electronically reconfigured is determined 
primarily by the spontaneous recombination lifetime and any speed-up technique employed 
(section 2.1). While this time constant has an impact on the durations of packets and guard-
bands in a packet-type network, this does not directly impact the signalling speed, where 
the multi-Terahertz optical gain bandwidth of the SOA becomes important. These limits are 
now discussed in the context of state of the art.   
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Fig. 2. Dynamic routing with nanosecond switching windows for a SOA cyclic router (Rohit 
et al., 2010):  
a) The microscope photograph for the SOA gate array and arrayed waveguide cyclic router 
b) The waveguide arrangement fot the single input, multiple output circuit 
c) Time traces showing the selecting and routing of wavelength channels  

The electronic switching time from high gain to high loss is limited primarily by the 
spontaneous recombination lifetime with reports routinely in the nanosecond range 
(Dorgeuille et al., 1998; Kikichi et al., 2003; Albores-Mejia et al., 2010; Rohit et al., 2010; 
Burmeister & Bowers, 2006), enabling comparable nanosecond duration dark guard bands 
between data packets. Figure 2 shows how such fast switching speeds can be exploited in 
the routing of data in a SOA-gated router. Schemes for label based routing have been 
reported using comparable approaches (Lee et al., 2005; Shacham et al., 2005). 
Real time current control has been considered as a means to ensure optimum operating 
characteristics of the individual SOA gates. Techniques range from the monitoring of the 
narrow-band tone (Ellis et al., 1988) and broad-band data (Wonfor et al., 2001) on the SOA 
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electrodes themselves through to customised monitor diodes (Tiemeijer et al., 1997) and 
integrated power monitoring (Newkirk et al., 1992; Lee et al., 2005). Hierarchical approaches 
have also been proposed to enable the management of photonic parameters independently 
of the digital switch state (White et al., 2007). The possibility to react to thermal transients 
within the circuit, and even enable self calibration is increasingly important as circuit 
complexity evolves. This abstraction of the physical layer becomes increasingly important as 
network level functions such as self-configuration are considered (Lin et al., 2005).  
Signalling line-rates of up to 40Gbit/s have been demonstrated using SOAs in a 
transmission environment (Brisson et al., 2002), and also for integrated switch elements 
(Burmeister & Bowers, 2006). To extend beyond 40Gb/s requires optical multiplexing. Here 
SOAs have been demonstrated for in-line amplification for multiwavelength transmission 
(Reid et al., 1998; Jennen et al., 1998; Sun et al., 1999). The early experiments operated the 
SOAs within the saturation regime, but later demonstrations in the linear regime with 
reduced crosstalk enable hundreds of Gbit/s WDM transmission (Spiekman et al., 2000). 
Optically transparent networking becomes feasible once the circuit elements become 
polarisation insensitive. Polarisation properties are engineered through the design of the 
waveguide dimensions and the radiative transitions in the active media. The latter are tailored 
using epitaxially defined strain. A broad range of reports have demonstrated polarisation 
independent operation for both bulk (Emery et al., 1997; Dreyer et al., 2002; Morito et al., 2000; 
Kakitsuka et al., 2000; Morito et al., 2003; Morito et al., 2005) and quantum wells SOAs 
(Godefroy et al., 1995; Kelly et al., 1997; Ougazzadeu, 1995; Tiemeijer et al., 1996).    

2.3 Energy 
The energy efficiency for an interconnection network is commonly quantified in terms of 
energy requirement per bit and includes the full end-to-end digital power usage. This concise 
metric allows for a cross-comparison with electronic switching fabrics, and assists with the 
road-mapping for CMOS technology. Figure 3 shows schematic arrangement for two example 
photonic interconnection networks with electronic and photonic switching. Photonic links 
remove transmission losses from the comparison, allowing a focus on the switch technologies 
themselves. At the time of writing, state of the art vertical cavity laser array transceivers with 
multimode fibers enabled energy efficiencies of a few picoJoules per bits, and distributed 
feedback lasers on silicon are being developed for reduced power consumption single mode 
fiber transceivers. Transceiver technologies dominate the interconnect power budget and a 
prime motivator for optical switch research has now become the replacement of large numbers 
of power consuming transceivers with a smaller, data agnostic switch circuit, to remove power 
draining OEO conversions and excess packaging.  
Photonic integration reduces optical losses by minimising the number of on-off-chip 
connections. This additionally improves noise performance and reduce operating gain for 
the SOA gates. This is important as it is the current used for amplification, non-radiative and 
spontaneous recombination which ultimately determines energy consumption. If the non-
radiative currents become too high, and Joule heating in the resistive p-layers of the SOA 
gates becomes significant, this can lead to a spiralling reduction in available gain, and the 
need for significant heat extraction. Spot-size conversion (Morito et al., 2003) is increasingly 
implemented to remove the losses between the SOA chip and the off-chip network elements, 
such as the fiber patch-cords. 
Cooler-free operation is now mandatory for data communications transceivers, but remains 
unthinkable in many high performance telecommunications links. Integrated circuits  
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Fig. 3. Schematic diagrams highlighting the motivation for hybrid photonic switch matrices 
with electronic switch (left) and photonic switch (right) 
exploiting semiconductor optical amplifiers are however well suited to uncooled operation 
due to the broad spectral bandwidth. Initial reports have been promising. Uncooled 
operation for a quantum dot SOA has been demonstrated for a wide temperature range up 
to 70 °C (Aw et al., 2008), providing 19dB of optical gain at high temperatures with 
negligible 0.1dB system penalty at 10Gb/s. Aluminium containing quaternaries, used for the 
highest performance uncooled 10Gb/s data communications lasers, have also been used for 
SOAs. These epitaxial designs allow for enhanced electronic confinement and therefore 
excellent electronic injection efficiency at high temperature. SOAs have also been operated 
at 45°C such that the packaged SOA module may operate with sub-Watt operating power 
over the temperature range 0-75°C (Tanaka et al., 2010).   

3. Networks 
High-connectivity, multi-port electronic switches exploit multi-stage interconnection 
networks (Dally & Townes, 2004; Kabacinski, 2005) and photonic networks are also set to 
benefit from such approaches.  Figure 4 shows an example of a switch network proposed to 
allow the scaling of a SOA broadcast select architecture with four outputs per stage using 
the hybrid Clos/broadcast-and-select architecture (White et al., 2009).  
 

 
Fig. 4. An example multi-stage switch architecture showing parallel scaling and serial 
interconnection of SOA gates 
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electrodes themselves through to customised monitor diodes (Tiemeijer et al., 1997) and 
integrated power monitoring (Newkirk et al., 1992; Lee et al., 2005). Hierarchical approaches 
have also been proposed to enable the management of photonic parameters independently 
of the digital switch state (White et al., 2007). The possibility to react to thermal transients 
within the circuit, and even enable self calibration is increasingly important as circuit 
complexity evolves. This abstraction of the physical layer becomes increasingly important as 
network level functions such as self-configuration are considered (Lin et al., 2005).  
Signalling line-rates of up to 40Gbit/s have been demonstrated using SOAs in a 
transmission environment (Brisson et al., 2002), and also for integrated switch elements 
(Burmeister & Bowers, 2006). To extend beyond 40Gb/s requires optical multiplexing. Here 
SOAs have been demonstrated for in-line amplification for multiwavelength transmission 
(Reid et al., 1998; Jennen et al., 1998; Sun et al., 1999). The early experiments operated the 
SOAs within the saturation regime, but later demonstrations in the linear regime with 
reduced crosstalk enable hundreds of Gbit/s WDM transmission (Spiekman et al., 2000). 
Optically transparent networking becomes feasible once the circuit elements become 
polarisation insensitive. Polarisation properties are engineered through the design of the 
waveguide dimensions and the radiative transitions in the active media. The latter are tailored 
using epitaxially defined strain. A broad range of reports have demonstrated polarisation 
independent operation for both bulk (Emery et al., 1997; Dreyer et al., 2002; Morito et al., 2000; 
Kakitsuka et al., 2000; Morito et al., 2003; Morito et al., 2005) and quantum wells SOAs 
(Godefroy et al., 1995; Kelly et al., 1997; Ougazzadeu, 1995; Tiemeijer et al., 1996).    

2.3 Energy 
The energy efficiency for an interconnection network is commonly quantified in terms of 
energy requirement per bit and includes the full end-to-end digital power usage. This concise 
metric allows for a cross-comparison with electronic switching fabrics, and assists with the 
road-mapping for CMOS technology. Figure 3 shows schematic arrangement for two example 
photonic interconnection networks with electronic and photonic switching. Photonic links 
remove transmission losses from the comparison, allowing a focus on the switch technologies 
themselves. At the time of writing, state of the art vertical cavity laser array transceivers with 
multimode fibers enabled energy efficiencies of a few picoJoules per bits, and distributed 
feedback lasers on silicon are being developed for reduced power consumption single mode 
fiber transceivers. Transceiver technologies dominate the interconnect power budget and a 
prime motivator for optical switch research has now become the replacement of large numbers 
of power consuming transceivers with a smaller, data agnostic switch circuit, to remove power 
draining OEO conversions and excess packaging.  
Photonic integration reduces optical losses by minimising the number of on-off-chip 
connections. This additionally improves noise performance and reduce operating gain for 
the SOA gates. This is important as it is the current used for amplification, non-radiative and 
spontaneous recombination which ultimately determines energy consumption. If the non-
radiative currents become too high, and Joule heating in the resistive p-layers of the SOA 
gates becomes significant, this can lead to a spiralling reduction in available gain, and the 
need for significant heat extraction. Spot-size conversion (Morito et al., 2003) is increasingly 
implemented to remove the losses between the SOA chip and the off-chip network elements, 
such as the fiber patch-cords. 
Cooler-free operation is now mandatory for data communications transceivers, but remains 
unthinkable in many high performance telecommunications links. Integrated circuits  
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Fig. 3. Schematic diagrams highlighting the motivation for hybrid photonic switch matrices 
with electronic switch (left) and photonic switch (right) 
exploiting semiconductor optical amplifiers are however well suited to uncooled operation 
due to the broad spectral bandwidth. Initial reports have been promising. Uncooled 
operation for a quantum dot SOA has been demonstrated for a wide temperature range up 
to 70 °C (Aw et al., 2008), providing 19dB of optical gain at high temperatures with 
negligible 0.1dB system penalty at 10Gb/s. Aluminium containing quaternaries, used for the 
highest performance uncooled 10Gb/s data communications lasers, have also been used for 
SOAs. These epitaxial designs allow for enhanced electronic confinement and therefore 
excellent electronic injection efficiency at high temperature. SOAs have also been operated 
at 45°C such that the packaged SOA module may operate with sub-Watt operating power 
over the temperature range 0-75°C (Tanaka et al., 2010).   

3. Networks 
High-connectivity, multi-port electronic switches exploit multi-stage interconnection 
networks (Dally & Townes, 2004; Kabacinski, 2005) and photonic networks are also set to 
benefit from such approaches.  Figure 4 shows an example of a switch network proposed to 
allow the scaling of a SOA broadcast select architecture with four outputs per stage using 
the hybrid Clos/broadcast-and-select architecture (White et al., 2009).  
 

 
Fig. 4. An example multi-stage switch architecture showing parallel scaling and serial 
interconnection of SOA gates 



 Advances in Optical Amplifiers 

 

212 

A 4x4 broadcast and select switch using SOA gates is placed within each of the twelve 
switch cells. These are interconnected to each other in three stages to create the larger 16x16 
network. Both serial and parallel interconnection of SOA gates is required for the multistage 
interconnection networks.  The interactions between SOA elements in such an architecture is 
now considered, firstly in terms of signal evolution through the cascaded network, and 
secondly in terms of crosstalk from incompletely extinguished signals from interferer paths. 

3.1 Cascaded networks 
The concatenation of multiple SOAs in amplified transmission and switching networks can 
lead to aggregated noise and distortion. The build-up of noise between stages can be 
minimised through reduction in gain and loss (Lord & Stallard, 1989). Reflections at the 
inputs and outputs of the SOA gates were particularly problematic in the early literature 
(Mukai et al., 1982; Grosskopf et al., 1988; Lord & Stallard, 1989), but can now be minimised 
through integration (Barbarin et al., 2005) and facet treatments (Buus et al., 1991). The 
residual distortion of signals (Section 2.1) can additionally build up with increasing 
numbers of SOA gates, leading to a reduction in the input power dynamic range, and 
ultimately the power penalty itself.  
The largest cascaded networks of SOAs have been studied using recirculating loops, where 
a signal is switched into and out of a loop with an amplifier and a loss element. The signal 
circulates for predetermined numbers of iterations – often this is varied as part of the study 
– and is then assessed for signal degradation. Up to forty cascades have been feasible while 
maintaining an eye pattern opening – good discrimination between logical levels – for 
10Gb/s data sequences (Onishchukov et al., 1998). Studies have also considered 
transmission over individual fiber spools and field installed fiber spans. Figure 5 
summarises many of the leading reports into signal degradation with increasing number of 
SOAs. Data points are included for a pioneering research teams including those at Philips 
(Kuindersma et al., 1996; Smets et al., 1997; Jennen et al., 1998) and Bell Labs (Olsson, 1989; 
Ryu et al., 1989). The evidence suggests that power penalty can be modest for reasonably 
low levels of cascaded amplifiers, with a steady degradation in penalty as cascade numbers 
approach ten or more SOAs even when circuits are operated with high levels of gain. It is  
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Fig. 5. Power penalty in transmission experiments for cascaded semiconductor optical 
amplifiers    
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worth noting that much of this data predates the innovative low distortion amplifier designs 
developed over the last decade.  Operating parameters can nonetheless become increasingly 
stringent with important implications for control systems (Section 2.2). 

3.2 Crosstalk 
The aggregation of stray signals from disparate locations in a switch network leads to 
crosstalk. Contributions may be separated into coherent leakage, incoherent leakage, and 
cross gain modulation within co-propagating wavelength multiplexes. 
Coherent crosstalk was identified as a particularly troublesome source of signal degradation 
for large-mesh, optically-transparent, telecommunications networks. Channels 
unintentionally combined with either remnants of themselves or other identical 
wavelengths lead to interferometric beating (Legg et al., 1994). Coherent crosstalk with long 
timescale fluctuations compromises threshold setting in receivers.  The resulting beat noise 
incurs large power penalties and bit error floors (Gillner et al., 1999). If the path length 
differences are minimised to less than one bit period and the wavelengths are stable, as 
might be anticipated in a monolithic multistage network, phase difference becomes 
invariant and less problematic (Dods et al., 1997). Coherent crosstalk can incur an overhead 
of order 10dB on the crosstalk requirement (Goldstein et al., 1994; Goldstein & Eskildsen, 
1995; Eskildsen & Hansen, 1997) and this has led some to suggest a –40dB extinction ratio 
requirement for telecommunication networks using an optical switch technology (Larsen 
and Gustavsson, 1997).  Figure 6 summarises representative quantifying the role of crosstalk 
on signal degradation. Coherent crosstalk is identified with open symbols, while the closed 
symbols represent incoherent crosstalk measurements and calculations. The calculations 
performed by Buckman are also included for the cases of Gaussian and numerically 
determined distributions for incoherent crosstalk characteristics. It is evident from figure 6 
that the level of crosstalk which may be accomodated is significantly higher for incoherent 
forms of crosstalk (Goldstein et al., 1994; Buckman et al., 1997; Yang & Yao, 1996; Jeong & 
Goodman, 1996; Albores-Mejia et al., 2009). 
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Fig. 6. Crosstalk incurred penalty in SOA networks  
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A 4x4 broadcast and select switch using SOA gates is placed within each of the twelve 
switch cells. These are interconnected to each other in three stages to create the larger 16x16 
network. Both serial and parallel interconnection of SOA gates is required for the multistage 
interconnection networks.  The interactions between SOA elements in such an architecture is 
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worth noting that much of this data predates the innovative low distortion amplifier designs 
developed over the last decade.  Operating parameters can nonetheless become increasingly 
stringent with important implications for control systems (Section 2.2). 

3.2 Crosstalk 
The aggregation of stray signals from disparate locations in a switch network leads to 
crosstalk. Contributions may be separated into coherent leakage, incoherent leakage, and 
cross gain modulation within co-propagating wavelength multiplexes. 
Coherent crosstalk was identified as a particularly troublesome source of signal degradation 
for large-mesh, optically-transparent, telecommunications networks. Channels 
unintentionally combined with either remnants of themselves or other identical 
wavelengths lead to interferometric beating (Legg et al., 1994). Coherent crosstalk with long 
timescale fluctuations compromises threshold setting in receivers.  The resulting beat noise 
incurs large power penalties and bit error floors (Gillner et al., 1999). If the path length 
differences are minimised to less than one bit period and the wavelengths are stable, as 
might be anticipated in a monolithic multistage network, phase difference becomes 
invariant and less problematic (Dods et al., 1997). Coherent crosstalk can incur an overhead 
of order 10dB on the crosstalk requirement (Goldstein et al., 1994; Goldstein & Eskildsen, 
1995; Eskildsen & Hansen, 1997) and this has led some to suggest a –40dB extinction ratio 
requirement for telecommunication networks using an optical switch technology (Larsen 
and Gustavsson, 1997).  Figure 6 summarises representative quantifying the role of crosstalk 
on signal degradation. Coherent crosstalk is identified with open symbols, while the closed 
symbols represent incoherent crosstalk measurements and calculations. The calculations 
performed by Buckman are also included for the cases of Gaussian and numerically 
determined distributions for incoherent crosstalk characteristics. It is evident from figure 6 
that the level of crosstalk which may be accomodated is significantly higher for incoherent 
forms of crosstalk (Goldstein et al., 1994; Buckman et al., 1997; Yang & Yao, 1996; Jeong & 
Goodman, 1996; Albores-Mejia et al., 2009). 
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Switch extinction ratio is related to crosstalk at the circuit level.  A worst case approximation 
for crosstalk build up in a given path is simply the sum of signal leakage contributions in 
each switch in the path (Saxtoft & Chidgey, 1993). Cumulated crosstalk ratio may be 
described as the product of the number of stages between an input and output Nstages, the 
number of interferer inputs at each stage with radix Nradix, and the extinction ratio of the 
switch element Xextinction: 

 ΣXcrosstalk =  Nstages . (Nradix – 1) . Xextinction (4) 

While the approach can be a useful guide for low channel counts, this can lead to 
overestimated power penalty at high channel counts (Buckman et al., 1997) due to statistical 
averaging (see for example Section 2.1). Nonetheless extinction ratios achieved for SOA 
gates are commonly reported in the 40dB range (Larsen & Gustavsson, 1997; Varazza et al., 
2004, Tanaka et al., 2009; Albores-Mejia et al., 2010; Stabile et al., 2010).  
Inter-wavelength crosstalk has been studied across architectures. Many early switch 
architectures assumed one wavelength per switch element in multiwavelength fabrics, and 
this called for a multi-domain description of spatially- and spectrally-originating crosstalk 
(Gillner et al., 1999; Zhou et al., 1994; Zhou et al., 1996). Recent requirements for massive 
data capacities have led recent work to focus on multi-wavelength routing where inter-
wavelength crosstalk can occur through cross gain modulation (Oberg & Olsson, 1988; 
Inoue, 1989; Summerfield & Tucker, 1999).  

4. Multi-port switches 
Creating multi-port switches from SOA gates requires additional interconnecting passive 
circuit elements. As the techniques and technologies for creating integrated power splitters, 
low-loss wiring, low-radius bends, corner mirrors and waveguide crossings have evolved, 
the levels of integration have allowed connectivity to increase from two to four and eight 
output ports. 

4.1 Two port switch elements 
The broadest range of switching and routing concepts have been demonstrated for the 
simplest two input two output multiport switches. The SOA gate based switches can be 
classified as interoferometric or as broadcast and select. The former should allow near 
complete coupling of optical power into the desired path, enabling the removal of 
unnecessary and undesirable energy loss. The latter allows a broader range of network 
functionality, including broadcast and multicast. 
Interferometric schemes include the exploitation and frustration of multimode interference 
in matrices of concatenated 1x2 MMI switches (Fish et al., 1998), vertical directional couplers 
(Varazza et al., 2004) and gated arrayed waveguide grating based switches (Soganci et al., 
2010). The first two approaches lend themselves well to cross-grid architectures and have 
been demonstrated at 4x4 connectivity. The incorporation of SOA gates with an 
interferometer also offers enhanced extinction ratio. The switched arrayed waveguide 
grating approach is also scalable, although only as a 1xN architecture. 
Broadcast and select architectures have been more widely studied as they are intrinsically 
suited to conventional laser based processing methods and epitaxies. The SOA gates are able 
to overcome losses associated with the splitter network, allowing zero fiber-to-fiber 
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insertion loss at modest currents. Selective area epitaxy has allowed the separate 
optimisation of active and passive circuit components required for insertion-loss-free 
operation (Sasaki et al., 1998; Hamamoto & Komatsu, 1995). The splitting and combining 
functions have been implemented using Y-couplers (e.g. Lindgren et al., 1990), multimode 
interference couplers (e.g. Albores-Mejia et al., 2009) or arrangements of total internal 
reflecting mirrors (e.g. Himeno et al., 1988; Gini et al., 1992; Burton et al., 1993; Sherlock et 
al., 1994; Williams et al., 2005). Chip footprints of below 1mm2 have been acheived in this 
manner.  Figure 7 shows the example of the mirrors created in an all active switch design 
interconnecting eight SOA gates in a cross-grid array. The input and output guides include a 
linearly tapered mode expander, which terminates at one of four splitters. The splitters 
comprised 45º totally internal reflecting mirror which partially intersect the guided mode.  
Part of the light is routed into the perpendicular guide and the remaining part is routed to 
the through path.  
 

200µm 2µm
 

Fig. 7. Two port integrated switch circuit (left) within a footprint of under 1mm2 using 
(right) ultracompact total internal reflecting mirrors (Williams at al., 2005)  

Microbends offer a route to even further size reductions, while addressing a tolerance to 
fabrication variability (Stabile & Williams, 2010).  Whispering gallery mode operation is 
predicted to give order of magnitude relaxation in required tolerances with respect to single 
mode microbends. Polarization conversion can also be maintained below 1% with 
appropriately designed structures. 
 

 

Fig. 8. Schematic diagram for a fabrication tolerant whispering gallery mode bend for high 
density switch circuits (Stabile & Williams, 2010)  
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Quantum dot epitaxies have also been considered to exploit anticipated advantages for 
broadband amplification, low distortion and low noise (Akiyama et al., 2005). The first 
monolithic 2x2 switch demonstration has been performed for the 1300nm spectral window 
(Liu et al., 2007) showing negligible power penalty of <0.1dB for 10Gb/s data routing. The 
first demonstrations in the 1550nm window followed, showing excellent power penalties of 
order 0.2dB for 10Gbit/s data routing (Albores-Mejia et al., 2009). Multiple monolithically 
integrated 2x2 circuits have also been demonstrated with 0.4-0.6dB penalty showing only a 
weak signal degradation as quantum dot circuit elements are incorporated in larger switch 
fabrics (Albores-Mejia et al., 2008). 

4.2 Four port switch elements 
Single stage four port switches have been implemented for a number of broadcast and select 
configurations (Gustavsson et al., 1992; Bachmann et al., 1996; Larsen & Gustavsson, 1997; 
van Berlo et al., 1995; Sasaki et al., 1998). Electrode counts of between sixteen and twenty-
four result, depending on whether additional on-chip amplification is required to overcome 
circuit losses. This can add considerable complexity to circuit layout and is a potential limit 
to single stage scaling. The first transmission experiments were reported for 50 km distances 
at 2.488 Gbit/s, with less than 1 dB power penalty (Gustavsson et al., 1992) with an input 
power dynamic range of over 10dB. Wavelength division multiplexed transmission was also 
demonstrated with four 622 Mb/s wavelength channels spaced equally from 1548-1560nm 
(Almstrom et al., 1996).  Field trials at 2.5 Gbit/s were performed with three switch circuits 
in a 160 km fiber-optic link.  The majority of studies have been restricted to modest data 
capacities between one input port and one output port (Gustavsson et al., 1992; Gustavsson 
et al., 1993; Djordjevic et al., 2004). 
Multi-port dynamic routing has recently been demonstrated for a 4x4 switch using a round-
robin scheduler and nanosecond-speed control electronics (Stabile et al., 2010). Figure 8 
shows the monolithic photonic circuit on the left, and the output signals on the right. The 
SOA gates are sequentially biased to enable the routing of the inputs to the outputs. The 
right hand figures show the time traces recorded for each of the outputs, showing data 
packets from each available input.  Rotating priority (round-robin) path arbitration allows 
the simplest control algorithm with only one input clock signal, abstracting the photonic 
complexity from the logic control plane.  
 

   

Fig. 8. Four port integrated switch circuit within 4mm2 showing dynamic multi-path routing 
(Stabile et al., 2010)  

Multi-path routing has also been assessed for wavelength multiplexed inputs to three ports 
in a discretely populated switching fabric. Field programmable gate arrays enabled the 
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synchronisation of switching and diagnostics. A power penalty in the range of 0.3–0.6 dB 
was observed due to multi-path crosstalk and a further power penalty in the range of 0.4–1.2 
dB was incurred through dynamic routing (Lin et al., 2007).   
Connection scaling studies have allowed insight into the available power margins for SOA 
switch fabrics operating at high line wavelength division multiplexed line-rates. The 
potential for single-stage 8×8 switches at a data capacity of 10×10 Gbit/s is predicted with a 
1.6dB power margin, identifying a potential route to Tbit/s switch performance in a single-
stage low-complexity switch fabric (Lin et al., 2006).  

4.3 Eight port switch elements 
Scaling to even higher levels of connectivity have been constrained by existing waveguide 
crossing and waveguide bend techniques, and this is most clearly evidenced by the dearth 
of single stage 8x8 switches. Researchers realising high connectivity single stage switches 
have therefore focussed efforts on 1x8 monolithic connectivity. 
Array integration has been explored as the first step towards large scale monolithic 
integration (Dorgeuille et al., 1998; Suzuki et al., 2001; Sahri et al., 2001; Kikuchi et al., 2003; 
Tanaka et al., 2010). The packaged array of 32 gain clamped SOA gates (Sahri et al., 2001) 
has enabled the most extensive system level assessments in telecommunications test-beds 
(Dittmann et al., 2003). Implementation of arrays of eight gates have also led to the early 
demonstrations of 8×8 optical switching matrices based on SOA gate arrays with 1.28Tbit/s 
(8×16×10Gb/s) aggregate throughput (Dorgeuille et al., 2000). These approaches rely on 
fiber splitter networks.  
Quantum dot all-active epitaxial designs (Wang et al., 2009) have been implemented using 
multi-electrode amplifiers to create the separate SOA gates. The input channel is split to the 
eight output gates by means of three stages of on-chip 1x2 MMI couplers. The use of low 
splitting ratios is expected to allow more reproducible optical output power balancing. The 
excellent measured power penalties allow the cascading of two stages which should enable 
1x64 functionality.   
Active-passive regrown wafers (Tanaka et al., 2009) have also been used to create compact 
monolithic 1x8 switches. The thin tensile-strained MQW active layers used for the SOA 
gates allow for an optimisation of output saturation power, noise, and polarization 
insensitivity. A compact circuit footprint is facilitated by using a high density chip to fiber 
coupling and through the use of a field flattened splitter to create a uniform split ratio 1x8 in 
a highly compact 250 µm structure. This approach exhibits an on-state gain of 14.3 dB which 
is largely wavelength and temperature insensitive.  A path to path gain deviation of order 
3.0 dB is also achieved. Extinction ratios of order –70dB were reported with an extensive 
input power dynamic range of 20.5 dB for 10-Gbit/s signals. The high levels of gain 
overcome the additional off-chip splitter losses which are incurred when combining eight 
such circuits to construct an 8x8 switching fabric (Kinoshita, 2009).   

5. Multi-stage interconnection networks 
A broad range of multi-stage networks have been studied for photonic networks (Beneš, 
1962; Wu & Feng, 1980; Spanke & Beneš, 1987; Hluchyj & Karol, 1991;  Shacham & Bergman, 
2007). The constraints imposed in SOA gate based networks lead to a preference for smaller 
numbers of stages (Williams et al., 2008; White et al., 2009). Simulations are presented to 
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(Stabile et al., 2010)  
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provide insight into the scalability of multi-stage photonic networks. Then examples of 
multistage networks are given for 2x2 and 4x4 building blocks, highlighting the state of the 
art for connectivity, the numbers of integrated stages and line-rate. 
Numerical simulations for the physical layer have been performed using travelling wave 
amplifier modelling which inherently accounts for noise and distortion and allows for 
wavelength multiplexed system simulation (Williams et al., 2008). Connectivity limits for 
Tbit/s photonic switch fabrics are studied by scaling the number of splitters in a three stage 
switch fabric: An intermediate loss between each SOA gate accounts for the radix of the 
switch element. A 3.5dB loss describes each 1x2 splitter or coupler element in the circuit. 
Figure 9 summarises the dimensioning simulations by presenting input power dynamic 
range as a function of the number of splitters per stage. Power penalty contours are given 
for 1dB and 2dB power penalties to show tolerated inter-stage losses and therefore 
connectivity.  
 

 

Fig. 9. Simulated power penalty in increasing connectivity SOA gate switching networks 
Optical data rate at 10λx10Gbit/s using on-off keyed data format (Williams et al., 2008)  

Input power dynamic range for 10λx10Gb/s wavelength multiplexed data is seen to reduce 
both with the number of switch stages and the optical loss between each switch stage. The 
dynamic range specified for a 1dB power penalty over three stages is observed to exceed 
10dB for the four splitter architectures, which is equivalent to a three stage 16×16 switch. For 
the case of six splitters, a 5dB dynamic range for 2dB power penalty is indicative of viable 
performance for a 64×64 interconnect based on 8×8 switch stages. Large test-beds exploiting 
multiple stages of discrete SOA gates have supported these findings. Wavelength 
multiplexed routing in a 12×12 switch exploiting three stages of concatenated 1×2 SOA-
switches enables Terabit class interconnection (Liboiron-Ladouceur et al., 2006). Two stages 
of SOA gates are implemented in a 64×64 wavelength routed architecture proposed for 
supercomputers (Luijten & Grzybowski, 2009).  
Connectivity for integrated photonic circuits has recently been increased to record levels 
through the use of the Clos-Broadcast/Select architecture highlighted in Figure 4. Three 
stages of four 4x4 switch building blocks were integrated within the same circuit (Wang et 
al., 2009) to demonstrate the first 16×16 port count optical switches using an all-active 
AlGaInAs quantum well epitaxy. Paths in the circuit have enabled 10Gbit/s routing with 
2dB circuit gain and a power penalty of 2.5dB. The electrical power consumption of the all-
active chip is estimated to be 12W for a fully operational circuit, which corresponds to a 
modest power density of 0.3W/mm2. The power consumption could be approximately 
halved by replacing the current active shuffle networks with their passive equivalents.  
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Capacity has also recently been increased to record 320Gb/s line-rates per path for a multi-
stage photonic interconnection network (Albores-Mejia et al., 2010). This represents both the 
leading edge in the number of monolithically integrated switching stages and the highest 
reported line rates through a switching fabric. Bit error rate studies show only modest levels 
of signal degradation. The circuit is presented in Figure 10. The N-stage planar architecture 
includes up to four serially interconnected crossbar switch elements in one path, and is 
representative of a broader class of 2x2 based multistage interconnection networks. The step 
change in line rate is believed to be attributable to the use of the active-passive epitaxial 
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1. Introduction      
The field of optical communications is moving toward the realization of photonic networks 
with wavelength division multiplexing (WDM) utilizing the full bandwidth of optical fibers. 
Conventionally, an erbium-doped fiber amplifier (EDFA) and a semiconductor optical 
amplifier (SOA) are used for amplifying an optical signal in optical communications. SOAs 
can contribute to this and offer the key advantages of small size and ease of mass 
production, but their practical adoption has been largely precluded by their inferior 
polarization dependence and noise characteristics as compared those of with optical fiber 
amplifiers doped with erbium and other rare earths. For eliminating noise generated in such 
amplifiers, the optical signal that is transmitted at a high speed is once converted into an 
electrical signal, so as to be subjected to noise elimination and signal processing in an 
electronic circuit, and the processed signal is then reconverted into an optical signal to be 
transmitted. This incapability to achieve direct processing of an optical signal without its 
conversion into an electrical signal limits the speed of the optical signal processing. 
Therefore, there has been demanded a technique which enables an optical signal to be 
processed without its conversion into an electrical signal. However, in a field of 
optoelectronics, there have not yet realized high-performance signal amplifiers 
corresponding to a negative feedback amplifier or an operational amplifier known in a field 
of electronics. The negative feedback amplifier in electronics is capable of providing an 
output signal whose gain, waveform and baseline are stabilized without generating large 
noise. Negative feedback amplification is widely used in electronics and readily enables 
gain stability and low-noise electric signal amplification, as the existence of negative- and 
positive- valued entities facilitate its design and implementation. For optical signals, 
however, the absence of negative-valued entities poses the need for special techniques. One 
technique for SOA gain stabilization which has been the subject of research and 
development at many institutions is the use of a clamped-gain SOA (Bachmann et al., 1996), 
which utilizes a lasing mode generated outside the signal band. An SOA with gain control 
obtained by an experimental feedback loop system utilizing a bandpass filter (Qureshi et al., 
2007), which is conceptually similar to the technique we have proposed, has also been 
reported (Maeda, 2006).  
In the present study, we utilized phase mask interferometry to fabricate an optical fiber filter 
(a fiber Bragg grating; FBG) having reflection wavelength characteristics specially designed 
for surrounding light feedback, formed a lens in the optical fiber tip, and coupled the fiber 
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which utilizes a lasing mode generated outside the signal band. An SOA with gain control 
obtained by an experimental feedback loop system utilizing a bandpass filter (Qureshi et al., 
2007), which is conceptually similar to the technique we have proposed, has also been 
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(a fiber Bragg grating; FBG) having reflection wavelength characteristics specially designed 
for surrounding light feedback, formed a lens in the optical fiber tip, and coupled the fiber 
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containing the FBG to the SOA, thus constructing a “negative feedback SOA (NF-SOA)”, 
and performed measurements of its bit error rate (BER) in correspondence with the input 
signal, its noise figure, and other characteristics, which show its noise reduction effect 
(Maeda et al., 2010). 
In previous study, it has been demonstrated that an all-optical triode can be achieved using 
a tandem wavelength converter employing cross-gain modulation (XGM) in SOAs (Maeda 
et al., 2003). Basic functions such as switching can be achieved using all optical gates 
realized by optical nonlinearities in semiconductor materials (Stubkjaer, 2000). The three 
mainly used schemes to perform their wavelength conversion employing SOAs are based on 
XGM, cross-phase modulation (XPM), and four-wave mixing (FWM) (Glance et al., 1992; 
Durhuus et al., 1994; Wiesenfeld, 1996). The XGM scheme has the advantage to be very 
simple: an input modulated signal and a continuous-wave beam are introduced into the 
SOA. The input signal saturates the SOA gain and modulates the cw beam inversely at the 
new wavelength. A large signal dynamic theoretical model was presented for wavelength 
conversion using XGM in SOA with converted signal feedback (Sun, 2003). The theoretical 
results predict that the wavelength conversion characteristics can be enhanced significantly 
with converted signal feedback. We demonstrated a negative feedback optical amplification 
effect that is capable of providing an output signal whose gain and waveform are stabilized 
optically using XGM in SOA with amplified spontaneous emission feedback (Maeda, 2006). 
We have also previously proposed a tandem wavelength converter in the form of an all-
optical triode with cross-gain modulation (XGM) in two reflective semiconductor amplifiers 
(RSOAs), and demonstrated the signal amplifying effect of its three terminals (Maeda et al., 
2003). In investigating the cause of an increase in extinction ratio found in the XGM of the 
RSOAs, we were able to elucidate the negative feedback optical amplification effect and its 
potential for SOA noise reduction. This effect is due to the feedback to the SOA of 
spontaneous emission generated in the SOA in response to the input light signal. The 
spontaneous emission is intensity inverted with respect to the input light signal effected by 
XGM in the SOA. It can thus be used to dynamically modulate the SOA internal gain in 
correspondence with the input optical signal, and achieve a noise reducing effect analogous 
to that of electronic negative feedback amplification. 

2. Negative feedback optical amplification effect 
Fig. 1 shows the block diagram of the negative feedback optical amplifier. It consists of a 
semiconductor optical amplifier and an optical add/drop filter, which is equipped with a 
negative feedback function. It is used the SOA based on ridge waveguide structure 
InGaAsP/InP MQW material. The composition of the InGaAsP active layer is chosen to 
have a gain peak wavelength around 1550 nm. The maximum small signal fiber-to-fiber gain 
is around 15 dB and the output saturation power is approximately 2 mW measured at 1550 
nm with a bias current of 250 mA. A tunable laser is used for the input signal, which is 
modulated by the mean of electro-optic modulators connected to an electrical synthesizer. 
The input signal is the wavelength of 1550 nm. The modulated input signal is fed into the 
SOA using an optical coupler. An add/drop filter (spectral half-width: 13 nm) is set at the 
center wavelength of 1550 nm. The filter is provided to extract an output signal light of the 
wavelength of 1550 nm and surrounding spontaneous emission LS having wavelengths (LS 
<1543.5 and  LS >1556.5 nm) other than 1550±6.5 nm. Because of the XGM mechanism in the 
SOA, the spontaneous emission Ls contain an inverted replica of the information carried by 
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the input signal. The output of Ls is fed back and injected together with the input signal into 
the SOA by using an optical coupler. A variable optical attenuator (VOA) is provided in an 
optical feedback path. The average output power is measured at the output of the filter 
using an optical power-meter. 
 

 
Fig. 1. Block diagram of a negative-feedback semiconductor optical amplifier. VOA: Variable 
optical attenator. 

 

 
Fig. 2. (a) Input waveform, (b) and (c) Output waveform without and with negative 
feedback, respectively.                                                                   

Figs. 2(a), 2(b) and 2(c) show waveforms of the input, the output without negative feedback 
and the output with negative feedback, respectively. The input average power is 
approximately 2 mW. They have been measured with a fast photodiode connected to a 
sampling head oscilloscope. The modulation degree and frequency of the input continuous 
signal are 80% and 10 GHz, respectively. The modulation degree M is equal to 100 × (Pmax – 
Pmin)/(Pmax + Pmin) [%], where Pmax and Pmin represent the maximum and minimum 
intensities of the signal, respectively. As is apparent from Figs. 2(b) and 2(c), the output 
signal was given a higher modulation degree M, a waveform with a higher fidelity and a 
more stable baseline in the case where the SOA feeding back the spontaneous emission Ls 
was used with negative feedback, than in the case where the SOA was used without 
negative feedback. The output average power was around 6.4 mW without negative 
feedback, as shown in Fig. 2(b). On the other hand, in the SOA with negative feedback, the 
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output average power was approximately 1.9 mW when the negative feedback average 
power was 0.12 mW, as shown in Fig. 2(c). Therefore, the output signal waveform with 
negative feedback is remarkably improved over that without negative feedback. Moreover, 
in the SOA with negative feedback, the distortion of the waveform is extremely small in a 
wide frequency band of 0.1 – 10 GHz. 
 

 
Fig.3. Relationship between the output modulation degrees and the frequency of the input 
signal. 

 

 
Fig. 4. Relationship between the output average and input average powers for four values of 
the negative feedback average powers (Pf = 0, 0.03, 0.06, 0.12 mW).   

Fig.3 shows the relationship between the output modulation degrees and the frequency of 
the input signal. The input modulation degree depends on the input signal frequency and 
decreases relatively at higher frequency due to the characteristics of the electro-optic 
modulator. The average power of input signal is around 2 mW. The black-dot ( ●) 
represents the case of the SOA when the negative feedback average power was around 0.12 

●  :  Pf = 0.12 mW 
○  :  Pf =      0  mW 
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mW and the white-dot ( ○) represents without negative feedback. The output modulation 
degree (i.e., extinction ratio) with negative feedback is remarkably improved over that 
without negative feedback in a wide input signal frequency band of 0.1-10 GHz. 
Fig. 4 shows the relationship between the output average and input average powers for four 
values of the negative feedback average powers (Pf = 0, 0.03, 0.06, 0.12 mW). The modulation 
degree and frequency of the input signal are around 100% and 0.1 GHz, respectively. The 
input-output characteristic in the SOA with negative feedback has a higher linearity than 
that without negative feedback. It is also noted that a gain G is defined as G = 10 log10 

(Pout/Pin) [dB], where Pout and Pin represent the respective output and input signal power.  
Fig. 5 shows the gain characteristic, i.e., a relationship between the gain and the input signal 
average power. The gain G with negative feedback is found to be lower than that without 
negative feedback when the negative feedback average power increases from 0 to 0.12 mW. 
For Pf = 0.12 mW, the gain remains approximately 0 dB for input signal average powers 
between 0.01 to 5 mW. In addition, the gain can be adjusted optically between 0 and 11 dB 
by changing the amount of negative feedback using a variable optical attenuator. 
 

 
Fig. 5. Relationship between the gain and the input signal average power for four values of 
the negative feedback average powers (Pf = 0, 0.03, 0.06, 0.12 mW). 

In general, since a conventional optical amplifier merely has a simple amplification function 
(that is almost constant gain), the amplifier disadvantageously amplifies not only the signal 
but also the noise. Therefore, the waveform and baseline of the output signal cannot be 
improved basically in relation with the noise, thereby making difficult to achieve an 
advanced signal processing. For eliminating noise generated in such amplifiers, the optical 
signal is once converted into an electrical signal, so as to be subjected to noise elimination 
and signal processing in an electronic circuit, and the processed signal is then reconverted 
into an optical signal to be transmitted. Fig. 6 shows the concept diagram of a negative 
feedback optical amplification effect. Figs. 6(a), 6(b) and 6(c) show waveforms of the input, 
the negative feedback and the gain in SOA, respectively. In the SOA which has a XGM 
function, spontaneous emission lights which have wavelengths near a wavelength λ1 of an 
input light have an intensity varying in response to a variation in the intensity of that input 
light. Characteristically, the intensity variation of the spontaneous emission lights are 
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Fig. 6. Concept diagram of a negative feedback optical amplification effect. The straight-line 
represents the case where the SOA was used with negative feedback, and the dotted line 
represents the case of the SOA without negative feedback. 

inverted with respect to the variation in the input signal, and the spontaneous emission 
lights are outputted from the SOA, as shown in Fig. 6(b). The straight-line represents the 
case where the SOA was used with negative feedback, and the dotted line represents the 
case of the SOA without negative feedback. In the past, it is common that the spontaneous 
emission lights as the surrounding light having wavelengths other than the wavelength λ1 
are removed by a band-pass filter, since it becomes a factor of noise generation. In such a 
situation, we found out that a negative feedback optical signal amplification phenomenon in 
which characteristics of the gain of the SOA is drastically changed by feeding back the 
separated surrounding light to the SOA, so that the gain is modulated as shown in Fig. 6(c). 
Therefore, noise reduction is realized all-optically in the SOA, because the output signal 
waveform with negative feedback is remarkably improved over that without negative 
feedback, as shown in Fig. 2. Moreover, the baseline of the output signal waveform is 
suppressed, because the gain in the SOA is low when the power of the input signal is at the 
low logical level, whereas the output signal is stressed because of the high SOA gain when 
the input signal power is high, as shown in Fig. 6. In addition, the desired gain was set 
between 0 and 11 dB by changing the amount of the negative feedback, as shown in Fig. 4. 
The negative feedback optical amplifier is capable of providing an output signal whose gain 
is stabilized automatically. 
An operational amplifier of the field of electronics has two inputs consisting of a non-
inverse input and an inverse input, and is used as a negative feedback circuit for feeding a 
part of an output voltage of an amplifier, back to the inputs through an external resistance. 
The operational amplifier is referred to as a non-inverting amplifier where an output is in 
phase with an input, and is referred to as an inverting amplifier where the phase of the 
output is delayed by π. The optical amplifier of the present work is physically considered as 
the optical equivalent of a non-inverting amplifier, since the output is in phase with the 
input. In addition, the non-inverting amplifier of the electronics is provided a voltage gain 
of not lower than 1, the gain is 0 dB where the resistance in the feedback path is 0, namely, 
where the feedback path is provided by a short circuit. The operational amplifier is capable 
of achieving an analog computing such as summing, differentiating and integrating 
amplifier. It is therefore no exaggeration to say that the operational amplifier takes change 
of a major part of an analog electronic circuit today. The optical amplifier of the present 
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work can take charge of an important role in an optical circuit, as the negative feedback or 
operational amplifiers in electronics. 
Therefore, we found out that the negative feedback optical amplification effect is capable of 
providing an output signal whose gain, waveform and baseline are stabilized automatically. 
The optical amplifier consists of an InGaAsP/InP semiconductor optical amplifier and an 
optical add/drop filter, which is equipped with a negative feedback function. In the SOA 
with negative feedback, the output modulation degree was substantially higher modulation 
degree and the distortion of the waveform was extremely small in wide frequency band of 
0.1 – 10 GHz. The gain in the SOA with negative feedback is suppressed to be lower than 
that without negative feedback and reaches around 0 dB when the negative feedback power 
increases. In addition, the desired gain was set between 0 and 11 dB by changing the 
amount of the negative feedback. The optical amplifier is physically considered as the 
optical equivalent of a non-inverting amplifier, since the output is in phase with the input. 
Therefore, the negative feedback optical amplifier of this work can take charge of an 
important role in an optical circuit, as the negative feedback amplifier in electronics. 

3. Negative feedback optical semiconductor amplifier 
3.1 Fiber Bragg gratings based on phase mask interferometer 
The fiber Bragg grating (FBG) used in the present study is a diffraction grating formed 
inside an optical fiber. Bragg diffraction gratings are characterized by their reflection of light 
of certain wavelengths. The FBG is a refractive index modulation grating, with alternating 
regions of high and low refractive indices in the direction of light propagation. The relation 
between the grating period Λ and the reflection wavelength (the Bragg wavelength) λB is 
expressed as 

 2B effnλ = Λ  (1) 

neff : effective refractive index. The refractive index of the core is raised above that of the clad 
by adding GeO2, which induces oxygen-deficient defects in the SiO2 with an absorption 
band in the vicinity of 240 nm. A rise in the refractive index occurs under UV irradiation in 
that vicinity. This has been variously attributed to the Kramers-Kroning relation (the 
relation between light absorption and change in refractive index) and to the occurrence of 
defects in the glass structure due to molecular reorientation under UV irradiation. It has also 
been reported that UV sensitivity can be substantially heightened by pre-treatment with 
high-pressure hydrogen. In the present study, the change in the optical refractive index was 
utilized to obtain refractive index modulation in the fiber core as shown in Fig.7. 
 
 
 
 
 
 
 
 
Fig. 7. Drawing of the fiber Bragg grating. Λ : grating period, λB : Bragg wavelength. 
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Phase mask processing is a widely used technique for optical device fabrication. After 
removal of its covering, the fiber is irradiated from the side (in the circumferential direction) 
by an intense UV laser beam, which is diffracted by the phase mask and thus forms an 
interference pattern in the fiber core, resulting in the formation of a refractive index 
modulation pattern in the core corresponding to the period of the interference pattern. The 
grating period Λ in the core is 1/2 of the phase mask grating period d, with good 
reproducibility. A key advantage of the phase mask technique is that it enables the use of a 
low-coherence laser beam. An alternative technique for the same purpose is the two-light-
bundle interference light exposure method. Although it is relatively low in reproducibility, 
it may be advantageous for multi-grade low-volume production, as it requires no phase 
mask, which is an expensive consumable, and it enables the use of a broad range of 
wavelengths in the same optical system. For the production of a chirp grating, however, in 
which the grating period is gradually changed and the reflection wavelength band is thus 
broadened, it requires the incorporation of lens systems into the interferometer and presents 
difficulties relating to adjustment. 
 

 
Fig. 8. Phase mask interferometer. The +/− primary light refracted by the phase mask is 
returned by the mirror. 

In the present study, we used the phase mask interference method shown schematically in 
Fig. 8 as the production/fabrication process. It combines the high reproducibility of the 
phase mask method and the broad wavelength response of the two-beam interference 
technique. Only the +/− primary light refracted by the phase mask is returned by the 
mirror, and the interference fringe period can be controlled by adjusting its angle. It is 
therefore possible to prevent interference with higher-order diffraction light, and thus 
reduce passband loss. The key functions required in the fiber grating filter include 
transmission at the wavelength of the light input to the SOA and feedback to the SOA of a 
part of the surrounding light generated during amplification. We therefore fabricated the 
FBG with the transmission and reflection spectra shown in Fig. 9, and with a 92% reflectance 
ratio. The surrounding light has a certain fixed spread, and it is necessary to provide a 
spread in the reflection band of the fiber grating. For this purpose, two chirp gratings with 
slightly different reflection center wavelengths (1548 and 1554 nm) were written in mutually 
close proximity on the optical fiber. The use of the phase mask interference technique 
facilitated the selection and control of the reflection center wavelengths, adjustment of the 
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writing positions on the fiber, and other aspects. High stability and reproducibility in the 
FBG fabrication were also ensured through the use of an original adjustment algorithm and 
computerized control of the optical system for optical fiber position and mirror angle, unlike 
the conventional processes which usually depend on visual methods. The tip of the 
prototype FBG was lensed and coupled to one end of the SOA, thus obtaining a negative-
feedback semiconductor optical amplifier (NF-SOA). 
 

 
Fig. 9. Transmission and reflection spectrum of the fiber Bragg grating for negative feedback 
optical amplifier. 

3.2 Measurement results of NF-SOA 
The composition of the NF-SOA and the measurement system is shown schematically in Fig. 
10. The SOA was an InGaAsP-InP ridge semiconductor optical amplifier. The center 
wavelength of the InGaAsP multi-quantum-well active layer was approximately 1500 nm 
and the gain at the fiber end was approximately 17 dB with a 250 mA electric current input. 
As shown by the saturation gain curve in Fig. 11 with the 1550-nm input signal, the gain was 
constant in the light output power range of −25 to 0 dBm and the saturation power was 7 
dBm. Fig. 12 shows the spectrum of the amplified spontaneous emission (ASE) of the SOA, 
with the characteristics shown in Fig. 9 for the FBG mounted at the output end of the SOA 
clearly evident in the vicinity of 1550 nm. In the measurement system, the intensity of the 
wavelength-tunable laser beam was modulated by a lithium niobate (LN) optical modulator. 
After amplification of the signal by an Er-doped optical fiber amplifier (EDFA), it was 
passed through a 1-nm bandwidth-tunable filter, and its intensity was then modulated by a 
variable optical attenuator (VOA) to obtain the input signal. To experimentally verify that it 



 Advances in Optical Amplifiers 

 

238 

Phase mask processing is a widely used technique for optical device fabrication. After 
removal of its covering, the fiber is irradiated from the side (in the circumferential direction) 
by an intense UV laser beam, which is diffracted by the phase mask and thus forms an 
interference pattern in the fiber core, resulting in the formation of a refractive index 
modulation pattern in the core corresponding to the period of the interference pattern. The 
grating period Λ in the core is 1/2 of the phase mask grating period d, with good 
reproducibility. A key advantage of the phase mask technique is that it enables the use of a 
low-coherence laser beam. An alternative technique for the same purpose is the two-light-
bundle interference light exposure method. Although it is relatively low in reproducibility, 
it may be advantageous for multi-grade low-volume production, as it requires no phase 
mask, which is an expensive consumable, and it enables the use of a broad range of 
wavelengths in the same optical system. For the production of a chirp grating, however, in 
which the grating period is gradually changed and the reflection wavelength band is thus 
broadened, it requires the incorporation of lens systems into the interferometer and presents 
difficulties relating to adjustment. 
 

 
Fig. 8. Phase mask interferometer. The +/− primary light refracted by the phase mask is 
returned by the mirror. 

In the present study, we used the phase mask interference method shown schematically in 
Fig. 8 as the production/fabrication process. It combines the high reproducibility of the 
phase mask method and the broad wavelength response of the two-beam interference 
technique. Only the +/− primary light refracted by the phase mask is returned by the 
mirror, and the interference fringe period can be controlled by adjusting its angle. It is 
therefore possible to prevent interference with higher-order diffraction light, and thus 
reduce passband loss. The key functions required in the fiber grating filter include 
transmission at the wavelength of the light input to the SOA and feedback to the SOA of a 
part of the surrounding light generated during amplification. We therefore fabricated the 
FBG with the transmission and reflection spectra shown in Fig. 9, and with a 92% reflectance 
ratio. The surrounding light has a certain fixed spread, and it is necessary to provide a 
spread in the reflection band of the fiber grating. For this purpose, two chirp gratings with 
slightly different reflection center wavelengths (1548 and 1554 nm) were written in mutually 
close proximity on the optical fiber. The use of the phase mask interference technique 
facilitated the selection and control of the reflection center wavelengths, adjustment of the 

Phase mask 

Mirror 

Optical fiber +1 order -1 order

Higher order 

0 order 

 

Negative Feedback Semiconductor Optical Amplifiers and All-Optical Triode   

 

239 

writing positions on the fiber, and other aspects. High stability and reproducibility in the 
FBG fabrication were also ensured through the use of an original adjustment algorithm and 
computerized control of the optical system for optical fiber position and mirror angle, unlike 
the conventional processes which usually depend on visual methods. The tip of the 
prototype FBG was lensed and coupled to one end of the SOA, thus obtaining a negative-
feedback semiconductor optical amplifier (NF-SOA). 
 

 
Fig. 9. Transmission and reflection spectrum of the fiber Bragg grating for negative feedback 
optical amplifier. 

3.2 Measurement results of NF-SOA 
The composition of the NF-SOA and the measurement system is shown schematically in Fig. 
10. The SOA was an InGaAsP-InP ridge semiconductor optical amplifier. The center 
wavelength of the InGaAsP multi-quantum-well active layer was approximately 1500 nm 
and the gain at the fiber end was approximately 17 dB with a 250 mA electric current input. 
As shown by the saturation gain curve in Fig. 11 with the 1550-nm input signal, the gain was 
constant in the light output power range of −25 to 0 dBm and the saturation power was 7 
dBm. Fig. 12 shows the spectrum of the amplified spontaneous emission (ASE) of the SOA, 
with the characteristics shown in Fig. 9 for the FBG mounted at the output end of the SOA 
clearly evident in the vicinity of 1550 nm. In the measurement system, the intensity of the 
wavelength-tunable laser beam was modulated by a lithium niobate (LN) optical modulator. 
After amplification of the signal by an Er-doped optical fiber amplifier (EDFA), it was 
passed through a 1-nm bandwidth-tunable filter, and its intensity was then modulated by a 
variable optical attenuator (VOA) to obtain the input signal. To experimentally verify that it 



 Advances in Optical Amplifiers 

 

240 

is possible to reduce the output light waveform distortion as an effect of the negative 
feedback optical amplification, we measured the bit error rate in the transmission of random 
bits used in optical communication, using an Anritsu PM-1800 signal quality analyzer. The 
pattern generator provided a continuous signal with an NRZ 231-1 pseudorandom bit 
sequence at 10 Gbps. 
 

 
Fig. 10. Block diagram of the negative feedback semiconductor optical amplifier (NF-SOA) 
and measurement system. 
 

 
Fig. 11. Characteristic of saturation gain curve for NF-SOA.    
 

 
Fig. 12. Amplified spontaneous emission (ASE) spectrum for NF-SOA. 
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Fig. 13 shows eye-pattern waveforms observed on the oscilloscope, for output light with (a) 
NF-SOA and (b) SOA, respectively. Figs. 14(a)-14(d) show the eye-pattern waveforms 
observed on the oscilloscope, for output light with NF-SOA input signals (−7 dBm) at laser 
beam wavelength settings of 1530, 1544, 1550, and 1558 nm, respectively. 
 

 
Fig. 13. Eye-pattern waveforms of (a) NF-SOA and (b) SOA at 1550 nm. 
 

 
Fig. 14. Eye-pattern waveforms of (a) 1530, (b) 1544, (c) 1550 and (d) 1558 nm for NF-SOA. 
 

 
Fig. 15. Measured BER results for the NF-SOA. 1530 (●), 1544 (△), 1550 (◊), and 1558 (○) nm. 
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The observed aperture ratios were (a) 0.35, (b) 0.37, (c) 0.50, and (d) 0.41, and the waveform 
at the FBG transmission center wavelength of 1550 nm, as shown in Fig. 14(c), thus exhibited 
an eye pattern with a better aperture ratio than the other waveforms. Fig. 15 shows the BER 
measurements for the NF-SOA with laser settings of 1530 nm (●), 1544 nm (△), 1550 nm (◊), 
and 1558 (○) nm. As shown by the BER curves, the 1550-nm wavelength resulted in lower 
BER values than the other wavelengths at the same received power and a power penalty of 
approximately 1 dB or more. For reference, the measured BER values for the conventional 
SOA at an optical input wavelength of 1550 nm (□) are also shown. These BER curves 
demonstrate that the NF-SOA provides lower BER values than the SOA at 1550 nm with the 
same level of received power. As shown clearly in Fig. 15, the NF-SOA BER curve at 1550 
nm achieves a higher negative power penalty than the curve without NF. This indicates that 
an NF-SOA module can reduce the bit error rate more than an SOA module without NF 
when random optical signals are transmitted. 
 

Wavelength Gmax Gmin PDG NF 
1530 nm 18.3 dB 17.7 dB 0.62 dB 8.3 dB 
1544 nm 16.8 dB 16.2 dB 0.63 dB 6.1 dB 
1550 nm 17.1 dB 16.0 dB 0.68 dB 5.1 dB 
1558 nm 17.2 dB 15.8 dB 0.69 dB 6.2 dB 

Table 1. Specification of gain, polarization dependent gain, and noize figure for NF-SOA. 

                                                                
Wavelength Gmax Gmin PDG NF 

1530 nm 24.8 dB 24.1 dB 0.78 dB 9.3 dB 
1544 nm 22.9 dB 22.7 dB 0.70 dB 8.9 dB 
1550 nm 22.0 dB 21.5 dB 0.75 dB 9.0 dB 
1558 nm 20.9 dB 20.1 dB 0.76 dB 9.1 dB 

Table 2. Specification of gain, polarization dependent gain, and noize figure for  SOA. 
The characteristics of the NF-SOA and SOA are summarized in Tables 1 and 2, respectively, 
in terms of maximum and minimum gain (Gmax and Gmin), polarization dependent gain 
(PDG), and noize figure (NF). PDG, the gain of the optical amplifier dependent on the 
polarization state of the input light signal, is generally low in high-performance amplifiers. 
The PDG was determined by Muller’s method, and the NF was calculated from the S/N 
ratio of the optical signal (OSNR). As shown by comparison of Tables 1 and 2, the feedback 
by the FBG of part of the spontaneous emission resulted in a somewhat smaller gain with 
the NF-SOA than that obtained with the conventional SOA. The NF values of 8.3 dB at 1530 
nm, 6.1 dB at 1544 nm, and 6.2 dB at 1558 nm, and particularly 5.1 dB at the FBG 
transmission center wavelength of 1550 nm obtained with the NF-SOA, however, were all 
smaller that the value of approximately 9 dB obtained with the conventional SOA at all of 
these wavelengths, thus clearly demonstrating the noise reduction effect of the negative 
feedback optical amplification. The PDG values of the NF-SOA (Table 1), moreover, were all 
approximately 0.1 dB smaller than those of the conventional SOA (Table 2) at all 
wavelengths, further demonstrating its low polarization dependence and excellent 
characteristics. 
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4. All-optical triode 
4.1 All-Optical Triode Based on NF-SOA 
Fig. 16 shows the block diagram of the optical triode. It consists of two cascaded 
wavelength converters based on two NF-SOAs. Two tunable lasers are used for the input 
and the control signals, which are modulated by the mean of electro-optic modulators 
connected to an electrical synthesizer and a pattern generator respectively. Both input and 
control signals have the same wavelength equal to 1551 nm. The modulated input signal 
is fed into the first SOA (SOA-1) using an optical Add/drop filter (central wavelength: 
1551 nm, spectral half-width: 0.8 nm). Because of the XGM mechanism in the SOA-1, the 
FBG-1 reflection beam (Ls) contains an inverted replica of the information carried by the 
input signal. The modulated output Ls is then injected together with the control signal 
into the second SOA (SOA-2) by using an optical coupler. A band pass filter (spectral half-
width: 0.8 nm) of the central wavelength equal to 1551 nm is placed after the SOA-2. The 
average output power is measured at the output of the filter. In the second wavelength 
conversion stage the Ls beam is converted back to the 1551 nm wavelength depending on 
the power of the control beam. 
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Fig. 16. Block diagram of the all-optical triode. SOA-1 and SOA-2: Semiconductor optical 
amplifier, FBG-1 and FBG-2: Fiber Bragg grating. 

Figs. 17(a) and 17(b) show the input and control signal waveforms, respectively. They have 
been measured with a fast photodiode connected to a sampling head oscilloscope. The 
modulation degree and frequency of the input signal are 90% and 1 GHz, respectively. The 
modulation degree M is equal to 100 × (Pmax – Pmin)/(Pmax + Pmin) [%], where Pmax and Pmin 

represent the maximum and minimum intensities of the signal, respectively. Fig. 17(c) 
shows the output waveforms for four values of the control average power Pc. The 
information of the input signal is transmitted to the output only when the power of the 
control signal is at the high logical level, whereas it is blocked when the control power is 
low. The magnitude of the output waveform is controlled by the power of the control beam: 
the larger Pc, the higher the peak power at the output.  
Fig. 18 shows the dependence of the output power (Pout) on the input power (Pin) for four 
values of the control power (Pc). It can be seen that the output power increases when the 
control power is increased. Fig. 19 shows the dependence of the modulation degree of the 
output signal on the input signal frequency. By increasing the input signal frequency from 
0.1 to 10 GHz, the modulation degree M decreases from 60% to 0%. For frequencies 
smaller than 2 GHz, M remains approximately the same as the input modulation degree. 
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Wavelength Gmax Gmin PDG NF 

1530 nm 24.8 dB 24.1 dB 0.78 dB 9.3 dB 
1544 nm 22.9 dB 22.7 dB 0.70 dB 8.9 dB 
1550 nm 22.0 dB 21.5 dB 0.75 dB 9.0 dB 
1558 nm 20.9 dB 20.1 dB 0.76 dB 9.1 dB 

Table 2. Specification of gain, polarization dependent gain, and noize figure for  SOA. 
The characteristics of the NF-SOA and SOA are summarized in Tables 1 and 2, respectively, 
in terms of maximum and minimum gain (Gmax and Gmin), polarization dependent gain 
(PDG), and noize figure (NF). PDG, the gain of the optical amplifier dependent on the 
polarization state of the input light signal, is generally low in high-performance amplifiers. 
The PDG was determined by Muller’s method, and the NF was calculated from the S/N 
ratio of the optical signal (OSNR). As shown by comparison of Tables 1 and 2, the feedback 
by the FBG of part of the spontaneous emission resulted in a somewhat smaller gain with 
the NF-SOA than that obtained with the conventional SOA. The NF values of 8.3 dB at 1530 
nm, 6.1 dB at 1544 nm, and 6.2 dB at 1558 nm, and particularly 5.1 dB at the FBG 
transmission center wavelength of 1550 nm obtained with the NF-SOA, however, were all 
smaller that the value of approximately 9 dB obtained with the conventional SOA at all of 
these wavelengths, thus clearly demonstrating the noise reduction effect of the negative 
feedback optical amplification. The PDG values of the NF-SOA (Table 1), moreover, were all 
approximately 0.1 dB smaller than those of the conventional SOA (Table 2) at all 
wavelengths, further demonstrating its low polarization dependence and excellent 
characteristics. 
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4. All-optical triode 
4.1 All-Optical Triode Based on NF-SOA 
Fig. 16 shows the block diagram of the optical triode. It consists of two cascaded 
wavelength converters based on two NF-SOAs. Two tunable lasers are used for the input 
and the control signals, which are modulated by the mean of electro-optic modulators 
connected to an electrical synthesizer and a pattern generator respectively. Both input and 
control signals have the same wavelength equal to 1551 nm. The modulated input signal 
is fed into the first SOA (SOA-1) using an optical Add/drop filter (central wavelength: 
1551 nm, spectral half-width: 0.8 nm). Because of the XGM mechanism in the SOA-1, the 
FBG-1 reflection beam (Ls) contains an inverted replica of the information carried by the 
input signal. The modulated output Ls is then injected together with the control signal 
into the second SOA (SOA-2) by using an optical coupler. A band pass filter (spectral half-
width: 0.8 nm) of the central wavelength equal to 1551 nm is placed after the SOA-2. The 
average output power is measured at the output of the filter. In the second wavelength 
conversion stage the Ls beam is converted back to the 1551 nm wavelength depending on 
the power of the control beam. 
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Fig. 16. Block diagram of the all-optical triode. SOA-1 and SOA-2: Semiconductor optical 
amplifier, FBG-1 and FBG-2: Fiber Bragg grating. 

Figs. 17(a) and 17(b) show the input and control signal waveforms, respectively. They have 
been measured with a fast photodiode connected to a sampling head oscilloscope. The 
modulation degree and frequency of the input signal are 90% and 1 GHz, respectively. The 
modulation degree M is equal to 100 × (Pmax – Pmin)/(Pmax + Pmin) [%], where Pmax and Pmin 

represent the maximum and minimum intensities of the signal, respectively. Fig. 17(c) 
shows the output waveforms for four values of the control average power Pc. The 
information of the input signal is transmitted to the output only when the power of the 
control signal is at the high logical level, whereas it is blocked when the control power is 
low. The magnitude of the output waveform is controlled by the power of the control beam: 
the larger Pc, the higher the peak power at the output.  
Fig. 18 shows the dependence of the output power (Pout) on the input power (Pin) for four 
values of the control power (Pc). It can be seen that the output power increases when the 
control power is increased. Fig. 19 shows the dependence of the modulation degree of the 
output signal on the input signal frequency. By increasing the input signal frequency from 
0.1 to 10 GHz, the modulation degree M decreases from 60% to 0%. For frequencies 
smaller than 2 GHz, M remains approximately the same as the input modulation degree. 
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Fig. 17.  (a) Input and (b) control signal waveforms. (c) Output waveforms for four values of 
control average power (Pc=0.45, 0.28, 0.18, 0.07). 

 
 

 
 

Fig. 18. Output  versus input power four for values of the control average power (Pc=0.45, 
0.28, 0.18, 0.07). 
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Fig. 19. Output modulation degree versus input signal frequency. 

4.2 All-Optical Triode using reflective semiconductor optical amplifiers 
Fig. 20 shows the block diagram of the optical triode. It consists of two cascaded wavelength 
converters based on two RSOAs, which are similar to standard SOAs with one of the facets 
high-reflection coated. We used two RSOAs based on ridge waveguide structure 
InGaAsP/InP bulk material. The composition of the InGaAsP active layer is chosen to have 
a gain peak wavelength around 1555 nm. The small signal fiber-to-fiber gain is around 20 dB 
and the output saturation power is approximately 2 mW measured at 1555 nm with a bias 
current of 250 mA. Two tunable lasers are used for the input and the control signals, which 
are modulated by the mean of electro-optic modulators connected to an electrical 
synthesizer and a pattern generator respectively. Both input and control signals have the 
same wavelength equal to 1555 nm. A conventional distributed feedback laser diode is used 
as bias laser. Its power measured at the point a in Fig. 20 is 0.89 mW (Pb) and the wavelength 
is 1548 nm. The modulated input signal and the bias beam are fed into the first RSOA 
(RSOA-1) using an optical coupler and a circulator (C1). The polarization state of both 
beams is set by maximizing the modulation degree of the bias beam at the RSOA-1 output 
by using two polarization controllers (P.C.’s).  
 

 
Fig. 20. Block diagram of the optical triode. P.C.: polarization controller, C: circulator, F: 
tunable band pass filter. 
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Fig. 17.  (a) Input and (b) control signal waveforms. (c) Output waveforms for four values of 
control average power (Pc=0.45, 0.28, 0.18, 0.07). 

 
 

 
 

Fig. 18. Output  versus input power four for values of the control average power (Pc=0.45, 
0.28, 0.18, 0.07). 
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Fig. 19. Output modulation degree versus input signal frequency. 

4.2 All-Optical Triode using reflective semiconductor optical amplifiers 
Fig. 20 shows the block diagram of the optical triode. It consists of two cascaded wavelength 
converters based on two RSOAs, which are similar to standard SOAs with one of the facets 
high-reflection coated. We used two RSOAs based on ridge waveguide structure 
InGaAsP/InP bulk material. The composition of the InGaAsP active layer is chosen to have 
a gain peak wavelength around 1555 nm. The small signal fiber-to-fiber gain is around 20 dB 
and the output saturation power is approximately 2 mW measured at 1555 nm with a bias 
current of 250 mA. Two tunable lasers are used for the input and the control signals, which 
are modulated by the mean of electro-optic modulators connected to an electrical 
synthesizer and a pattern generator respectively. Both input and control signals have the 
same wavelength equal to 1555 nm. A conventional distributed feedback laser diode is used 
as bias laser. Its power measured at the point a in Fig. 20 is 0.89 mW (Pb) and the wavelength 
is 1548 nm. The modulated input signal and the bias beam are fed into the first RSOA 
(RSOA-1) using an optical coupler and a circulator (C1). The polarization state of both 
beams is set by maximizing the modulation degree of the bias beam at the RSOA-1 output 
by using two polarization controllers (P.C.’s).  
 

 
Fig. 20. Block diagram of the optical triode. P.C.: polarization controller, C: circulator, F: 
tunable band pass filter. 
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The use of the P.C.’s was necessary because the two employed RSOA are polarization 
dependent. By using polarization independent devices, the P.C.’s depicted in Fig. 20 are not 
necessary. A tunable band pass filter at the output of C1 (F1, spectral half-width: 0.6 nm) is 
set at the center wavelength of 1548 nm to filter away the input signal. Because of the XGM 
mechanism in the RSOA-1, the bias beam contains an inverted replica of the information 
carried by the input signal. The modulated output of F1 is then injected together with the 
control signal into the second RSOA (RSOA-2) by using an optical coupler and a circulator 
(C2). A second tunable band pass filter (F2, spectral half-width: 1.3 nm) of the central 
wavelength equal to 1555 nm is placed after the RSOA-2 and it is used to suppress the 1548 
nm beam. The average output power is measured at the output of the filter F2. In the second 
wavelength conversion stage the 1548 nm beam is converted back to the 1555 nm 
wavelength depending on the power of the control beam. 
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Fig. 21. Input (a) and control (b) signal waveforms. (c) Output waveforms for four values of 
the control average power (Pc = 0, 10, 30, and 48 μW). 
Figs. 21(a) and 21(b) show the input and control signal waveforms, respectively. The 
average input and control power are 0.86 mW and 48 μW, measured  at the points a and b in 
Fig. 20, respectively. They have been measured with a fast photodiode connected to a 
sampling head oscilloscope. The modulation degree and frequency of the input signal are 
90% and 5 GHz, respectively. The modulation degree M is equal to 100 × (Pmax – Pmin)/(Pmax 
+ Pmin) [%], where Pmax and Pmin represent the maximum and minimum intensities of the 
signal, respectively. Fig. 21(c) shows the output waveforms for four values of the control 
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average power Pc. The information of the input signal is transmitted to the output only 
when the power of the control signal is at the high logical level, whereas it is blocked when 
the control power is low. The magnitude of the output waveform is controlled by the power 
of the control beam: the larger Pc, the higher the peak power at the output. The unequal 
peak output power between the points A and B in Fig. 21(c) is due to a imperfect shape of 
the control beam as it is evident from Fig. 21(b). Fig. 22 shows the dependence of the output 
power (Pout) on the input power (Pin) for four values of the control power (Pc). These 
transmission characteristics have been obtained by plotting the data from the marked 
position A in Figs. 21(a) and 21(c) using the time as parameter. For Pc = 0 μW, the output 
power is very small, less than 0.1 mW even if the input power varies from 0.2 to 1.8 mW. For 
the other values of Pc, it can be seen that the output power increases when the control power 
is increased. If we define the output-input gain parameter gtr= ΔPout /ΔPin, we obtain values 
of 0.6, 1.1 and 1.6 for Pc = 10, 30, and 48 μW, respectively, at the input power of 1 mW, 
whereas gtr is almost equal zero, for Pc = 0. The output-control amplification parameter f, 
defined as ΔPout /ΔPc, depends on Pc and Pin. For example, when the control peak power 
increases from 0 to 96 μW, the peak output power increases from 0.1 to 3.3 mW. At the input 
power of 1.8 mW, f is approximately 33. 

 
Fig. 22. Output power (Pout) versus input power (Pin) for four values of the control                 
average power. 
 

 
Fig. 23. Output modulation degree versus input signal frequency. 
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The use of the P.C.’s was necessary because the two employed RSOA are polarization 
dependent. By using polarization independent devices, the P.C.’s depicted in Fig. 20 are not 
necessary. A tunable band pass filter at the output of C1 (F1, spectral half-width: 0.6 nm) is 
set at the center wavelength of 1548 nm to filter away the input signal. Because of the XGM 
mechanism in the RSOA-1, the bias beam contains an inverted replica of the information 
carried by the input signal. The modulated output of F1 is then injected together with the 
control signal into the second RSOA (RSOA-2) by using an optical coupler and a circulator 
(C2). A second tunable band pass filter (F2, spectral half-width: 1.3 nm) of the central 
wavelength equal to 1555 nm is placed after the RSOA-2 and it is used to suppress the 1548 
nm beam. The average output power is measured at the output of the filter F2. In the second 
wavelength conversion stage the 1548 nm beam is converted back to the 1555 nm 
wavelength depending on the power of the control beam. 
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Fig. 21. Input (a) and control (b) signal waveforms. (c) Output waveforms for four values of 
the control average power (Pc = 0, 10, 30, and 48 μW). 
Figs. 21(a) and 21(b) show the input and control signal waveforms, respectively. The 
average input and control power are 0.86 mW and 48 μW, measured  at the points a and b in 
Fig. 20, respectively. They have been measured with a fast photodiode connected to a 
sampling head oscilloscope. The modulation degree and frequency of the input signal are 
90% and 5 GHz, respectively. The modulation degree M is equal to 100 × (Pmax – Pmin)/(Pmax 
+ Pmin) [%], where Pmax and Pmin represent the maximum and minimum intensities of the 
signal, respectively. Fig. 21(c) shows the output waveforms for four values of the control 
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average power Pc. The information of the input signal is transmitted to the output only 
when the power of the control signal is at the high logical level, whereas it is blocked when 
the control power is low. The magnitude of the output waveform is controlled by the power 
of the control beam: the larger Pc, the higher the peak power at the output. The unequal 
peak output power between the points A and B in Fig. 21(c) is due to a imperfect shape of 
the control beam as it is evident from Fig. 21(b). Fig. 22 shows the dependence of the output 
power (Pout) on the input power (Pin) for four values of the control power (Pc). These 
transmission characteristics have been obtained by plotting the data from the marked 
position A in Figs. 21(a) and 21(c) using the time as parameter. For Pc = 0 μW, the output 
power is very small, less than 0.1 mW even if the input power varies from 0.2 to 1.8 mW. For 
the other values of Pc, it can be seen that the output power increases when the control power 
is increased. If we define the output-input gain parameter gtr= ΔPout /ΔPin, we obtain values 
of 0.6, 1.1 and 1.6 for Pc = 10, 30, and 48 μW, respectively, at the input power of 1 mW, 
whereas gtr is almost equal zero, for Pc = 0. The output-control amplification parameter f, 
defined as ΔPout /ΔPc, depends on Pc and Pin. For example, when the control peak power 
increases from 0 to 96 μW, the peak output power increases from 0.1 to 3.3 mW. At the input 
power of 1.8 mW, f is approximately 33. 

 
Fig. 22. Output power (Pout) versus input power (Pin) for four values of the control                 
average power. 
 

 
Fig. 23. Output modulation degree versus input signal frequency. 
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This means that a small change in the control power is able to induce a change 33 times 
larger at the output. Because of the gain saturation in the SOA, the parameter f decreases 
when either the input signal power is decreased or the control signal power is increased. 
Fig. 23 shows the dependence of the modulation degree of the output signal on the input 
signal frequency, measured in position marked with A in Fig. 21(c) by using an input 
modulation degree of approximately 90 %. By increasing the input signal frequency from 1 
to 10 GHz, the modulation degree M decreases from 90% to 30%. For frequencies smaller 
than 5 GHz, M remains approximately the same as the input modulation degree. 

5. Discussion 
The basic concept of the proposed negative feedback optical amplification effect is shown 
schematically in Fig. 24. 
 

 
Fig. 24. Concept diagram of a negative feedback optical amplification effect. The straight-
line represents the case where the SOA was used with negative feedback, and the dotted 
line represents the case of the SOA without negative feedback. 

When input light of wavelength λ1 is injected into the SOA as shown in Fig. 24(a), the 
spontaneous emission at a wavelength λb surrounding λ1, which is generated by the cross-
gain modulation within the SOA, undergoes intensity modulation with a reverse phase to 
that of the input light. This change in intensity is delineated by the solid line in Fig. 24(b). 
When the resulting Pf (λb) is fed back to the SOA as negative feedback light, in the cross-gain 
modulation within the SOA the gain at wavelength λ1 is modulated as shown by the solid 
line in Fig. 24(c). In the absence of feedback light Pf, as shown by the dotted line in Fig. 24(c), 
the SOA gain is constant. In a constant-gain amplifier, the signal and the noise are both 
amplified with the same gain and it is therefore impossible in principle to increase the signal 
to noise ratio (S/N ratio). With the negative feedback Pf, in contrast, the gain at wavelength 
λ1 is modulated as shown by the solid line in Fig. 24(c). In an SOA with dynamic gain 
modulation of this nature, with input light injection as shown in Fig. 24(a), the gain is small 
for input light of low intensity and the degree of amplification is thus low, and the zero level 
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of the output light is lower than it would be without the negative feedback light Pf. As 
shown in Fig. 24(d), a high degree of modulation (high extinction ratio) can thus be obtained 
and it is therefore possible to increase the S/N ratio. Fig. 24 is simply a qualitative 
illustration of the improvement in the level of output light modulation, but in a previous 
report (Maeda, 2006), we showed that reduced waveform distortion in the output light and 
improved modulation can be achieved, as experimentally observed effects of the negative 
feedback optical amplification.  
Positive feedback is performed in optical amplifiers to induce laser oscillation. In electronics, 
similarly, oscillation tends to occur in an amplifier with positive feedback, and various 
electronic circuits are utilized as oscillators. Negative feedback is widely used in electronics, 
as it enables electronic signal amplification with high gain stability and low noise and also 
makes it possible to stabilize inherently unstable semiconductor elements, for low-noise 
electric signal amplification. In electronic negative feedback amplification circuits, the 
degree of amplification is determined by the resistance, which in turn determines the 
feedback ratio, and effective techniques are essential to avoid temperature dependence in 
the degree of amplification by transistors, which tend to be highly temperature dependent. 
In optical amplification, in contrast, the utilization of negative feedback is currently non-
existent. For the continuing advance of optoelectronics with optical signals, however, 
negative feedback optical amplification techniques will presumably be essential. The FBG 
utilized in the present study is composed primarily of glass, which has a weaker 
temperature dependence than other semiconductor materials. In negative feedback 
amplification and other applications, the weak temperature dependence of FBGs in 
comparison with that of conventional semiconductor SOAs may be expected in principle to 
facilitate the achievement of systems with increased temperature stability and more 
specifically the achievement of a superior NF and other optical amplification characteristics 
through the control of comparatively unstable SOAs by passive FBGs. Detailed 
experimentation will be required for verification of this possibility. 
The improvement of approximately 0.1 dB in PDG observed in the present study with the 
NF-SOA, as compared with the conventional SOA (Tables 1 and 2), may be attributable to 
the polarization independent nature of the FBG. As the FBG is not polarization dependent, 
neither is the light which it returns to the SOA. Although the signal light is not directly 
influenced by the absence of polarization dependence in the FBG, the influence of 
polarization on the total SOA gain is presumably reduced by the negative feedback 
amplification, thus reducing the overall PDG. The data in the present study represents an 
early stage of experimentation, however, and further data and elucidation will be necessary 
in relation to the PDG. 
It is also necessary to consider the response speed of the negative feedback optical amplifier. 
A failure in superposition of the signal light and the return light without time delay will 
result in underutilization of the negative amplification effect or even in an adverse effect. 
SOA cross-gain modulation is in its principle of operation equivalent to the modulation of a 
probe light by a signal light. In the signal light input state (with level 0 changed to level 1), 
the induced emission is the main factor in the negative amplification feedback effect. In the 
change to the signal light non-input state (with level 1 changed to level 0), however, the 
spontaneous return of carrier density to the original level becomes the governing factor, and 
the feedback effect is influenced by the degree of relaxation at approximately 100 ps or 
higher. For high-speed cross-gain modulation, it is therefore essential to ensure high-speed 
carrier recovery. The effect of the FBG for negative feedback optical amplification was 
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This means that a small change in the control power is able to induce a change 33 times 
larger at the output. Because of the gain saturation in the SOA, the parameter f decreases 
when either the input signal power is decreased or the control signal power is increased. 
Fig. 23 shows the dependence of the modulation degree of the output signal on the input 
signal frequency, measured in position marked with A in Fig. 21(c) by using an input 
modulation degree of approximately 90 %. By increasing the input signal frequency from 1 
to 10 GHz, the modulation degree M decreases from 90% to 30%. For frequencies smaller 
than 5 GHz, M remains approximately the same as the input modulation degree. 

5. Discussion 
The basic concept of the proposed negative feedback optical amplification effect is shown 
schematically in Fig. 24. 
 

 
Fig. 24. Concept diagram of a negative feedback optical amplification effect. The straight-
line represents the case where the SOA was used with negative feedback, and the dotted 
line represents the case of the SOA without negative feedback. 

When input light of wavelength λ1 is injected into the SOA as shown in Fig. 24(a), the 
spontaneous emission at a wavelength λb surrounding λ1, which is generated by the cross-
gain modulation within the SOA, undergoes intensity modulation with a reverse phase to 
that of the input light. This change in intensity is delineated by the solid line in Fig. 24(b). 
When the resulting Pf (λb) is fed back to the SOA as negative feedback light, in the cross-gain 
modulation within the SOA the gain at wavelength λ1 is modulated as shown by the solid 
line in Fig. 24(c). In the absence of feedback light Pf, as shown by the dotted line in Fig. 24(c), 
the SOA gain is constant. In a constant-gain amplifier, the signal and the noise are both 
amplified with the same gain and it is therefore impossible in principle to increase the signal 
to noise ratio (S/N ratio). With the negative feedback Pf, in contrast, the gain at wavelength 
λ1 is modulated as shown by the solid line in Fig. 24(c). In an SOA with dynamic gain 
modulation of this nature, with input light injection as shown in Fig. 24(a), the gain is small 
for input light of low intensity and the degree of amplification is thus low, and the zero level 
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of the output light is lower than it would be without the negative feedback light Pf. As 
shown in Fig. 24(d), a high degree of modulation (high extinction ratio) can thus be obtained 
and it is therefore possible to increase the S/N ratio. Fig. 24 is simply a qualitative 
illustration of the improvement in the level of output light modulation, but in a previous 
report (Maeda, 2006), we showed that reduced waveform distortion in the output light and 
improved modulation can be achieved, as experimentally observed effects of the negative 
feedback optical amplification.  
Positive feedback is performed in optical amplifiers to induce laser oscillation. In electronics, 
similarly, oscillation tends to occur in an amplifier with positive feedback, and various 
electronic circuits are utilized as oscillators. Negative feedback is widely used in electronics, 
as it enables electronic signal amplification with high gain stability and low noise and also 
makes it possible to stabilize inherently unstable semiconductor elements, for low-noise 
electric signal amplification. In electronic negative feedback amplification circuits, the 
degree of amplification is determined by the resistance, which in turn determines the 
feedback ratio, and effective techniques are essential to avoid temperature dependence in 
the degree of amplification by transistors, which tend to be highly temperature dependent. 
In optical amplification, in contrast, the utilization of negative feedback is currently non-
existent. For the continuing advance of optoelectronics with optical signals, however, 
negative feedback optical amplification techniques will presumably be essential. The FBG 
utilized in the present study is composed primarily of glass, which has a weaker 
temperature dependence than other semiconductor materials. In negative feedback 
amplification and other applications, the weak temperature dependence of FBGs in 
comparison with that of conventional semiconductor SOAs may be expected in principle to 
facilitate the achievement of systems with increased temperature stability and more 
specifically the achievement of a superior NF and other optical amplification characteristics 
through the control of comparatively unstable SOAs by passive FBGs. Detailed 
experimentation will be required for verification of this possibility. 
The improvement of approximately 0.1 dB in PDG observed in the present study with the 
NF-SOA, as compared with the conventional SOA (Tables 1 and 2), may be attributable to 
the polarization independent nature of the FBG. As the FBG is not polarization dependent, 
neither is the light which it returns to the SOA. Although the signal light is not directly 
influenced by the absence of polarization dependence in the FBG, the influence of 
polarization on the total SOA gain is presumably reduced by the negative feedback 
amplification, thus reducing the overall PDG. The data in the present study represents an 
early stage of experimentation, however, and further data and elucidation will be necessary 
in relation to the PDG. 
It is also necessary to consider the response speed of the negative feedback optical amplifier. 
A failure in superposition of the signal light and the return light without time delay will 
result in underutilization of the negative amplification effect or even in an adverse effect. 
SOA cross-gain modulation is in its principle of operation equivalent to the modulation of a 
probe light by a signal light. In the signal light input state (with level 0 changed to level 1), 
the induced emission is the main factor in the negative amplification feedback effect. In the 
change to the signal light non-input state (with level 1 changed to level 0), however, the 
spontaneous return of carrier density to the original level becomes the governing factor, and 
the feedback effect is influenced by the degree of relaxation at approximately 100 ps or 
higher. For high-speed cross-gain modulation, it is therefore essential to ensure high-speed 
carrier recovery. The effect of the FBG for negative feedback optical amplification was 
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demonstrated in the present study, but this effect cannot be expected if the input light signal 
and the negative feedback light signal do not superpose in time. In the prototype fabricated 
for this study, the separation between the SOA and the FBG was 1 mm or less. Calculations 
based on the results of this study indicate that, so long as a degree of signal superposition of 
about 90% can be assumed, the negative feedback effect can be maintained at up to about 10 
Gbps, but further investigation will be necessary in this regard. 
The present study included an investigation of the dependence of the BER and NF on the 
wavelength of the input signal. As indicated by Fig. 12, the SOA gain was shown to be 
wavelength dependent. Because of its origin in spontaneous emission, in contrast, the 
intensity of the negative feedback light returned by the FBG is independent of the input 
signal wavelength and it can therefore be considered essentially constant. The intensity of 
the negative feedback light acting on the input signal determines the degree of negative 
feedback amplification. The effect of the negative feedback light amplification will therefore 
be relatively small for input light signals of high-gain wavelength. As shown by the 
characteristics in Fig. 12 and Tables 1 and 2, an input light signal of 1530 nm showed high 
gain and the output light signal at that frequency was thus of higher intensity than at the 
other wavelengths. As the intensity of the negative feedback light returned by the FBG was 
essentially constant, it is apparently for this reason that the negative feedback light 
amplification effect was smaller for an input signal of that wavelength than for the other 
wavelengths of 1544, 1550, and 1558 nm, and the noise reduction effect was accordingly 
smaller. Conversely, the noise reduction effect was apparently larger with input signals of 
1550 and 1558 nm, for which the SOA gain was relatively small, than with the other 
wavelengths because of the relatively strong negative feedback amplification effect for light 
of those wavelengths. The results of the measurements also showed the BER and NF to be 
smaller for the input signal of 1550 nm, which was the FBG center wavelength, than for the 
input signal of 1558 nm. This may be an effect of the dependence of the speed of 
propagation through the medium on the wavelength of the light reflected by the FBG. One 
further aspect which should be noted is the effect of the feedback on the output signal 
strength, as the measurements showed that the achievement of low noise with the negative 
feedback light was accompanied by a somewhat lower output (i.e., a somewhat lower 
degree of amplification). Among the FBG guidelines for practical applications, it will 
therefore be essential to ensure that the required output will be maintained while obtaining 
the required negative feedback effect. 
In the present study, we have shown that it is possible to achieve negative feedback optical 
amplification by dynamic SOA gain modulation in correspondence with the input signal. 
Dynamic gain modulation is obtained by SOA cross-gain modulation, with effective 
utilization of the spontaneous emission within the SOA. It was shown, moreover, that this 
can be achieved with a simple, readily fabricated structure consisting of an optical fiber 
bearing written-in FBGs in addition to the SOA, which is highly advantageous for industrial 
applications. The results demonstrated, moreover, that by utilizing the NF-SOA it is possible 
to resolve otherwise intractable problems relating to SOA polarization dependence and 
noise characteristics. It is therefore expected that the proposed negative optical amplifier 
will find applications in many areas of optoelectronics, and it is believed that the proposal of 
this technique as one means of achieving an optical version of feedback amplification 
technology may be of major significance. 
All-optical signal processing is expected to have a wide application in the field of 
communication and computation due to its capability of handling large bandwidth signals 
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and large information flows. Basic functions such as demultiplexing and switching can be 
achieved using all optical gates realized by optical nonlinearities in semiconductor 
materials. For future applications based on all-optical signal processing such as an optical 
computer, it will be very important to have optical devices showing the same functionality 
as transistors or triodes in electronics, including the capability of signal amplification. For 
the triode (i.e. three element tube), small voltage variations on the control grid produce large 
changes in plate current and voltage.  
The proposed scheme shows several features that will be useful for the triode operation. 
Firstly the transmission gain of the device is directly controlled by the control beam power. 
Secondly it requires a small control power. The third advantage is that it shows optical 
signal amplification, which is very important for the cascadability of such devices. Finally, 
our setup is also flexible regarding the choice of the output wavelength, because we can 
either use the same wavelength as the input (as done here) or use a different one. Utilizing 
the advantages mentioned above, the all-optical triode has the potential to be the basis for 
logic gates and operational amplifiers in digital and analog optoelectronic circuits. This is in 
analogy with electronics, where devices like the transistors and triodes are the basis of 
logical gates and operational amplifiers. It is important to note that for the first time the 
principle of the all-optical triode based on SOAs is demonstrated. At the moment, the 
proposed scheme has some drawbacks in terms of speed and setup simplicity as compared 
to the integrated semiconductor devices (e.g. Mach-Zehnder interferometers). To be a 
practical viable solution to perform all-optical logic gate operation, our approach needs 
further improvements in terms of speed (for instance by using faster SOAs based on 
quantum dots). 

6. Conclusion 
In this study, a FBG for use as a negative feedback optical amplifier was produced by 
imprinting using the phase mask interference technique, which as a production method 
combines the high reproducibility of the phase mask technique and the wide wavelength 
range of the two-beam interference technique. The functions required of the FBG were that it 
transmit the wavelength of the input light injected into the SOA and simultaneously feed 
back to the SOA a part of the surrounding light generated in the amplification process. For 
this purpose, two chirp gratings with slightly different reflection center wavelengths were 
written onto the optical fiber in close proximity to each other. The use of the phase mask 
interference technique facilitated selection and control of the center wavelength, adjustment 
of the fiber write-in positions, and other process functions. The prototype FBG tip was 
lensed and coupled to one end of the SOA, thus forming a negative feedback semiconductor 
optical amplifier. In measurement of the bit error rate with a 10 Gbps pseudorandom signal 
with a wavelength of 1550 nm, which was the same as the FBG transmission center 
wavelength, the NF-SOA yielded an eye pattern with a higher aperture than those obtained 
at other frequencies. The BER curves obtained from the measurement results showed that 
the reduction in BER by the NF-SOA was clearly greater at 1550 nm than at the other 
wavelengths. At that wavelength, it resulted in a reduction of the noise figure to 5.1 dB. 
Based on these experimental findings, it was shown possible to reduce optical amplification 
noise to a low level with a NF-SOA using the FBG.  
We also demonstrated an all-optical triode based on a tandem wavelength converter in two 
NF-SOAs using the same wavelength of input, control and output. This fact can be 
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important for logic applications. The all-optical triode has the input-output transfer function 
that is similar to the plate voltage-current characteristic of the triode in electronics including 
the signal amplification function. Because of its characteristics this device can become a key 
component in future all-optical signal processing and promote the realization of an optical 
computer. 
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1. Introduction  
The erbium doped fiber systems results into important advantages for information 
processing and transmission like: possibility of easy integration, highly efficiency and gain, 
immunity to crosstalk, low noise and high saturation output power (Agrawal, 1995 & 1997; 
Desurvire, 1995; Sterian, 2006).         
During the last years, they have been published many studies carrying out the improving 
and optimization of the coherent optical systems by "computer experiments". Based on some 
computational models known in the literature, this chapter proposes to present the main 
author's results obtained by numerical simulation concerning some coherent optical 
amplifier and laser systems. 
Will be presented firstly the computational model which govern the amplification regime of 
an uniform doped optical fiber under the form of a system of the nonlinear transport 
coupled equations, respectively for the signal and for the pumping. This system was used 
for numerical simulation of the amplification phenomena by a Runge - Kutta type method 
(Agrawal, 1995; Sterian, 2006; Press et al., 1992).     
The study continues with the computational model presentation used for numerical 
analyses of the laser system doped with Er3+ ions, both of the crystal type and of the optical 
fiber laser type (Pollnau et al., 1996; Maciuc et al., 2001; Sterian & Maciuc, 2003).     
The main problems studied by numerical simulation, using these models known in 
literature are: the amplification, the laser efficiency and threshold for different optical 
pumping wavelengths, the dependence of the output optical power on the levels life time, 
the influence of the host materials on the output power and the time dependent phenomena, 
stability and nonchaotic regime of operation (Maciuc et al., 2001; Pollnau et al., 1994).        
We realized the numerical simulation of the erbium doped fiber amplifier concerning the 
functional and constructive parameters. It was demonstrated that for the Er3+ doped fiber 
laser, the optimum operation condition are obtained for λ = 791 nm, when the upper  laser 
level is directly pumped but in the presence of the „colaser“ process which improves  two 
times the laser efficiency for λ = 3 µm. 
The Er3+ laser system functionment and optimization was studied for different host material, 
using 3D numerical simulation to take into account the characteristic parameters variations 
in the range of values resulting from experience; the material selection recommends  as 
efficient materials LiY F8 and BaY F8. 
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We also put into evidence the existence of a strong interdependence between active medium 
parameters having important role in the designing of the erbium laser systems with given 
functional parameters. 
We demonstrated the stable, nonchaotic operation of the analyzed laser systems and the 
modulation performance of them using the communications theory methods. 
For the erbium doped fiber laser we explained the complex dynamics of this type of device 
by simulating the time dependence of the output power correlated with the corresponding 
changes in the populations of the implied levels. 
Another author's numerical simulations refers to nonlinear effects in optical fibers systems 
(Sanchez   et al., 1995; Ninulescu & Sterian, 2005; Ninulescu et al., 2006;). Self - pulsing and 
chaotic dynamics are studied numerically in the rate equations approximation, based on the 
ion - pair formation phenomena (Sanchez et al., 1993; Sterian & Ninulescu, 2005; Press et al., 
1992). 
The developed numerical models concerning the characterization and operation of the 
EDFA systems and also of the laser systems, both of the "crystal type" or "fiber type" 
realized in Er3+ doped media and the obtained results are consistent with the existing data in 
the literature. 
That was possible due to the valences of the computer experiment method which permits a 
complex study taking into account parameters intercorrelations by simulating experimental 
conditions, as have been shown. 
The used fourth order Runge - Kutta method for the numerical simulation demonstrates the 
importance of the "computer experiments" in the designing, improving and optimization of 
these coherent optical systems for information processing and transmission (Stefanescu et 
al., 2000, 2002, 2005; Sterian, 2002; Sterian, 2007).                  
Some new feature of the computer modeled systems and the existence of new situations 
have been put into evidence, for designers utility in different applications (Petrescu, 2007; 
Sterian, 2008). Our results are important also for the optimization of the functioning 
conditions of this kind of devices. 

2. Fiber amplifier 
2.1 Transport equations for signal and pumping 
Let us consider an optical fiber uniformly doped, the concentration of the erbium ions being 

0N . The pumping is done with a laser radiation having pλ  wavelength and the pumping 
power pP , the absorption cross - section being a

pσ . The population densities of the atoms on 
each of the three levels involved in laser process are: ( ) ( )1 2, , ,N t z N t z  respectively ( )3 ,N t z  
which verify the equations: 

  ( )3 , 0N t z ≅   (1) 

  ( )1 ,N t z + ( )2 0,N t z N= . (2) 

The necessary condition for radiation amplification in this kind of systems is as in the laser 
case the population inversion. 
In the next presentation we refer to the energy levels diagram presented in figure 1 where: 

a
sσ  is the absorption cross-section for the signal; e

sσ  is the stimulated emission cross-section 
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corresponding to the signal; a
pσ  is the absorption cross-section for the pumping radiation 

and τ  is the relaxation time by spontaneous emission. 
 

 
Fig. 1. The diagram of the energy levels involved in radiation amplification 

For this system of energy levels on can write three rate equations: one for the population of 
the E2 level and two transport equations for the fluxes of the signal and pumping. These rate 
equations are respectively (Agrawal, 1995):           
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In the same time the initial condition are: 
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Transfer of excitation
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2. Fiber amplifier 
2.1 Transport equations for signal and pumping 
Let us consider an optical fiber uniformly doped, the concentration of the erbium ions being 

0N . The pumping is done with a laser radiation having pλ  wavelength and the pumping 
power pP , the absorption cross - section being a

pσ . The population densities of the atoms on 
each of the three levels involved in laser process are: ( ) ( )1 2, , ,N t z N t z  respectively ( )3 ,N t z  
which verify the equations: 

  ( )3 , 0N t z ≅   (1) 

  ( )1 ,N t z + ( )2 0,N t z N= . (2) 

The necessary condition for radiation amplification in this kind of systems is as in the laser 
case the population inversion. 
In the next presentation we refer to the energy levels diagram presented in figure 1 where: 

a
sσ  is the absorption cross-section for the signal; e

sσ  is the stimulated emission cross-section 
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corresponding to the signal; a
pσ  is the absorption cross-section for the pumping radiation 

and τ  is the relaxation time by spontaneous emission. 
 

 
Fig. 1. The diagram of the energy levels involved in radiation amplification 

For this system of energy levels on can write three rate equations: one for the population of 
the E2 level and two transport equations for the fluxes of the signal and pumping. These rate 
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where: 
( ),a

p p
p

p

I t z
W

h
σ

ν

⋅
=  is the absorption rate for the pumping; ( ),a

s sa
s

s

I t z
W

h
σ

ν
⋅

=  - is the 

absorption rate for the signal; ( ),e
s se

s
s

I t z
W

h
σ

ν
⋅

=  - is the stimulated emission rate; 1
τ

 - is the 

spontaneous emission rate; a
pσ ( )1 ,N t z⋅  - is the rate of pumping diminishing by absorption; 

( )2 ,e
s N t zσ ⋅  - rising rate of the signal by stimulated emission and ( )1 ,a

s N t zσ ⋅  - is the rate of 

signal diminishing by absorption. (It admit that a e
s s pW W W= = ). 

In the same time the initial condition are: 

 ( ) ( ),0p pI t I t=  (6) 

Transfer of excitation
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 ( ) ( ),0s sI t I t= . (7) 

If the next conditions are fulfilled: 
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t t
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= =
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∂ ∂

 (10) 

one obtain the steady state equations: 
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z
σ σ∂

= ⋅ ⋅ − ⋅ ⋅
∂

. (13) 

By eliminating of the populations ( )1 ,N t z  and ( )2 ,N t z , it results the equivalent system of 
nonlinear coupled equations: 
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I I
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⋅ ⋅ ⋅⎢ ⎥+ + +⎢ ⎥

⎣ ⎦

. (15) 

In the upper equations, there are involved the parameters: 346,626 10 Jsh −= ⋅  - the Planck 
constant; 82,99 10 m/sc = ⋅  - the light velocity in vacuum; 210 sτ −=  - the relaxation time for 
spontaneous emission; 16 22 10 ma

pσ −= ⋅  -the absorption cross-section for pumping; 
16 25 10 ma

sσ
−= ⋅  -the absorption cross-section for signal; 15 27 10 me

sσ
−= ⋅  -the stimulated 

emission cross-section for signal; 9980 10 mpλ
−= ⋅  - the pumping radiation wavelength; 

91550 10 msλ
−= ⋅  - the signal radiation wavelength; L  - the amplifier length; 310 mz −Δ =  - 

the quantization step in the long of the amplifier. We consider also the parameters: 
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( )
1 1

18 18; ; 4,947 10 ; 7,824 10
p s

hc hcα β α β
λ λ

− −⎛ ⎞ ⎛ ⎞
⎜ ⎟= = = ⋅ = ⋅⎜ ⎟⎜ ⎟⎜ ⎟ ⎝ ⎠⎝ ⎠

. 

2.2 Numerical simulation 
Numerical modeling of the upper rate equations was realized using the MATHLAB 
programming medium. 
The base element of the program was the function ode 45, which realize the integration of the 
right side expressions of the nonlinear coupled equations using Runge - Kutta type 
methods, for calculation time reducing. 
The program was applied for many values of the amplifier length for each of them resulting 
different sets of results, for the photon fluxes, both for the signal and pumping as well as for 
the gain coefficients and signal to noise ratio. 
From the obtained results by numerical integration of the transport equations, it results that 
the intensity of the output signal rise with the amplifier length but the pumping diminish in 
the some time. The calculated gain coefficients of the amplifier have a similar variation as 
was expected. We observe also the rising of the signal to noise ratio, resulting an improving 
of the amplifier performances (Sterian, 2006).                          
The obtained value of the gain coefficient for the signal, of the 40 dB is similar to published 
values (Agrawal, 1995) So that, the results can be very useful for designers, for example, to 
calculate the optimum length of the amplifier for maximum efficiency. 

3. Laser system in erbium doped active media 
3.1 The interaction phenomena and parameters 
We analyze the laser systems with Er3+ doped active media by particularizing the models 
and the method of computer simulation for the case of the Er3+ continuous wave laser which 
operate on the 3μm wavelength. This laser system is interesting both from theoretical and 
practical point of view because the radiation with 3μm wavelength is well absorbed in 
water. 
For this type of laser system don't yet completely are known the interaction mechanisms, in 
spite of many published works. 
Quantitative evaluations by numerical simulations are performed, refering to the 
representative experimental laser with Er3+:LiYF4, but we analyse also the codoping 
possibilities of the another host materials: Y3Al5O12 (YAG), YAIO3, Y3Sc2Al2O12 (YSGG) and 
BaY2F8. 
The energy level diagram for the Er3+:LiYF4 system and the characteristics processes which 
interest us in that medium are presented in figure 2. 
The energy levels of the Er3+ ion include: the ground state in a spectroscopic notation 4

15/2I , 
the first six excited levels 4 4 4 4

13/2 11/2 9/2 9/2, , ,I I I F , the thermally coupled levels 
4 2

9/2 11/2S H+  and the level 4
7/2F . 

The possible mechanisms for operation in continuous wave on 3μm of this type of 
amplifying media are (Pollnau et al., 1996):  
a. the depletion of the lower laser level by absorption in excited state (ESA) 

4 2
13/2 11/2I H→  for pumping wavelength of 795 nm; 
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practical point of view because the radiation with 3μm wavelength is well absorbed in 
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the first six excited levels 4 4 4 4

13/2 11/2 9/2 9/2, , ,I I I F , the thermally coupled levels 
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9/2 11/2S H+  and the level 4
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The possible mechanisms for operation in continuous wave on 3μm of this type of 
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a. the depletion of the lower laser level by absorption in excited state (ESA) 
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Fig. 2. The energy diagram of the Er3+ ion and the characteristic transitions 

b. the distribution of levels excitation 4
3/2S  and 2

11/2H  between laser levels due to cross 
relaxation processes ( ) ( )4 2 4 4 4

9/2 11/2 15/2 9/2 19/2, ,S H I I I+ →  and multiphoton relaxation 
4 4

9/2 11/2I I→ ; 
c. the depletion of the lower laser level and enrichment of the upper laser level due to up-

conversion processes ( ) ( )4 4 4 4
13/2 13/2 15/2 9/2, ,H I I I→  and multiphoton relaxation 

4 4
9/2 11/2I I→ ; 

d. the relatively high lifetime for the upper laser level in combination with low branching 
ratio of the upper laser level to lower laser level. 

These mechanisms, separately considered can't explain satisfactory the complex behavior of 
the erbium doped system, as has been shown (Pollnau et al., 1996;  Maciuc et al., 2001).             
That is way it is necessary to put into evidence the most important parameters of the system 
and to clarify the influence of these non-independent parameters on the amplification 
conditions as well as the determining the optional conditions of operation. 
The levels 4

11/2H  and 4
3/2S  being thermally coupled, will be treated as combined a level, 

having a Boltzmann type distribution of the populations. 
For numerical simulation the parameters of the Er3+:LiYF4 were considered because that 
medium presents a high efficiency for 3μm  continuous wave operation, if the pumping 
wavelength is 970nmλ =  on the upper laser level 4

9/2I , or on the level 4
11/2I  in the case of 

the pumping wavelength 970nmλ = . 
The Active Medium Parameters. Corresponding to the energy levels diagram presented in 
figure 2, the lifetimes of the implied levels, for low excitations and dopant concentrations 
have the values: 1 10msτ = ; 2 4,8msτ = ; 3 6,6 sτ μ= ; 4 100 sτ μ= ; 5 400 sτ μ=  and 

6 20 sτ μ= . 
Just the variations of these intrinsic lifetimes due to ion-ion interactions or ESA will be 
considered in the rate equations. 
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The radiative transitions on the levels 4
3/2S  and 2

11/2H  are calculated taking into account 
the Boltzmann contributions of these levels for 300K: 0,935 respectively 0,065 for each 
transition. 
The nonradiative transitions are described through the transition rates ,i NRA  of the level i, 
calculated with formula: 

 
1

1
,

0

i

i NR i ij
j

A Aτ
=−

−

=
= − ∑ , (16) 

where ijA  are the radiative transition rates from level i to level j. In the same time, the 
branching rations ijβ  of the level i through the another lower levels are given by: 

 ijβ  = ( ) 1
,ij i NR iA A τ −+ , for 1i j− =  (17) 

respectively: 

 ijβ  = 1
ij

i

A
τ −

,  for 1i j− > . (18) 

The values of the branching ratios have been calculated (Desurvire, 1995; Pollnau et al., 
1996). 
The considered ion-ion interaction processes are: 
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( ) ( )
( ) ( )

4 4 4 4
13/2 13/2 15/2 9/2

4 4 4 4
11/2 11/2 15/2 7/2

4 2 4 4 4
3/2 11/2 15/2 9/2 13/2

, ,
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, , , ,

I I I I
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↔

↔

↔

 (19) 

being characterized by the next values of the transition rates: 

1 23 3 1 1 23 3 1
11 11 22 223 10  m s ; 1,8 10  m s ;W W W W− − − − − −= = ⋅ = = ⋅  

1 23 3 1
50 50 2 10  m s ,W W − − −= = ⋅  

where the 50W  parameter take into account the indiscernible character of the corresponding 
relaxation processes. 
The Resonator Parameters. The resonator parameters used in the realized computer 
experiments are consistent with operational laser systems, as:  the crystal length:  l = 2 mm; 
the dopant concentration: 21 3

0 2 10 cmN −= ⋅ ; the pumping wavelength: 795nmpλ = ; we 
consider for ground state absorption (GSA) 4 4

15/2 9/2I I→  the cross section 
21 2

03 5 10 cmσ −= ⋅  and for excited state absorption (ESA), 4 4 2
13/2 3/2 11/2I S H→ + , the cross 

section 20 2
15 1 10 cmσ −= ⋅ .  

(The ESA contribution of the level 4
11/2I  was neglected for that wavelength.) 

Another considered parameter values are presented in literature, being currently used by 
researchers. 
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In the literature (Pollnau et al., 1996; Maciuc et al., 2001). we found also the values of the 
energy levels populations reported to the dopant concentration and the relative transition 
rates, for different wavelength used for pumping: 795nmλ =  and 970nmλ = . 

3.2 Computational model 
The presented model, include eight differential equations which describes the population 
densities of each Er3+ ion energy levels presented in figure 2 and the photon laser densities 
inside the laser cavity. 
We take iN  for 1,2,...,6i =  to be the population density of the i level and 0N  the 
population density of the ground state, the photonic density being φ . 
That model consisting of eight equation system is suitable for crystal laser description 
(Pollnau et al., 1994). For the fiber laser, the model must be completed with a new field 
equation to describe the laser emission on 1,7μmλ =  between the fifth and the third 
excited levels. 
The rate equations corresponding to energy diagram with seventh levels, for Er3+ systems 
are presented below: 
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A similar models are given in the references ( Pollnau et al., 1996;  Maciuc et al., 2001,a & b).                    
In the field equations (27) and (28), the parameters , , , , . /r opt lL T L l P Pκ  are considered the 
same for the two type of laser studied. In the equations system (20) ÷ (28) the parameters 
are: R is the pumping rate from lower levels to the higher ones; τ  is the life-times for each 
corresponding level; W  is associated with the transition rates of the ion-ion up-conversion 
and the corresponding inverse processes; - ijβ  are the branching ratios of the level i through 
the other possible levels j; SER  is the stimulated emission rate; l and optl  are the crystal 
length and the resonator length; 21γ  is an additional factor for the spontaneous radiative 
transition fraction between the levels: 4

11/2I  and 4
13/2I ; /lP P  is the of spontaneous 

emission power emitted in laser mode; , , ,rT L cκ  are the transmission of the output 
coupling mirror, the scattering losses and the diffraction - reabsorption losses respectively, c 
being the light speed in vacuum. 
The pumping rates depend on the corresponding cross-section and of the other parameters 
(Maciuc et al., 2001).                
The parameters for the lasing in an Er:LiYF4 crystal system are considered the same and for 
the fiber laser. 

3.3 Crystal laser simulation 
Laser Efficiency for Different Pumping Wavelength. In the simulation were used for 
pumping the radiations having λ = 795, 970 and 1570 nm, which are in resonance with the 
energy levels in diagram of Er3+ ion presented in figure 2. 
The pumping radiation for 795nmλ =  connect the ground state level 4

15I  with the third 
excited level 4

9/2I  and also the second level with the fifth one ( )4 4 2
13/2 3/2 11/2,I S I+ , 

processes. 
In the case of pumping radiation having 970nmλ =  the ground state absorption (GSA) 
corresponds to transition 4 4

15 11/2I I→  and excited state absorption (ESA) to 
transition 4 4

11/2 7/2I F→ . Similarly the pumping for 1530nmλ =  determine a single 
transition GSA that is 4 4

15/2 13/2I I→ . 
The dependence of the output power versus input power for different pumping wavelength 
(795 nm, 970 nm and 1530 nm) were plotted resulting the functioning thresholds and the 
slope efficiencies for each situation. 
For the crystal laser Er3+ doped, the optimum efficiency results for the direct pumping on 
the upper laser level. 
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The output power variation with the level lifetimes. The output power variation on the 
lifetimes for the upper levels having 4 5 6, ,τ τ τ  was studied for an input pump power 

5WpP =  and 795nmpλ = . 
We found that radiative and nonradiative transitions from the fifth and the sixth levels, 
improve the population difference for the laser line and determine the raising of the output 
power of them, the variation of the fourth level lifetime, being without influence for the 
output power. 
The influence of the Er3+ ion doped host material on the output power. A three 
dimensional study was done to investigate the influence in the laser output power due to 
parameters variations for the host material, using 795nmpλ = . 
The relative spontaneous transition rates were considered the same for all simulations. 
To determine the host material change influence on the laser output power the next 
variation scale of the lifetimes have been considered: 

( ) ( )1 21 15 ms, 0,4 9,6 ms,τ τ= ÷ = ÷  ( )3 0,22 22 s,τ μ= ÷  ( )4 3 300 sτ μ= ÷ , ( )5 12 1200 sτ μ= ÷  

and ( )6 0,6 60 sτ μ= ÷ . 

Similarly, the variations of the transition rates corresponding to up-conversion processes for 
different host materials are considered to span the intervals given bellow:  

( ) 21 3 1
11 0,1 300 10 cm msW − −= ÷ ⋅ , ( ) 21 3 1

22 1,8 180 10 cm msW − −= ÷ ⋅ , 

( ) 21 3 1
50 0,02 200 10 cm msW − −= ÷ ⋅ . 

For the other parameters used in the numerical simulation the published data was the main 
source of reference. 
 

 
Fig. 3. Output laser power dependence on parameters 2τ  and 11W for two values of 1τ  
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The graphs in figure 3  give the three-dimensional (3D) output power dependence versus 
lifetime of the higher level 2τ  and the "up-conversion" parameter  11W   associated to 
studied transition for two values of the 1τ  parameter: 1τ =.10 ms and 1τ = 1 ms. 
In figure 4  we show the dependence of the output power on the life time of the second 
excited level, the "up-conversion" parameter 11W and "up-conversion parameter 22W  for 
two values of this parameter: 24 3 1

22 1,8 10 m sW − −= ⋅  and 22 3 1
22 1,8 10 m sW − −= ⋅ . 

 
Fig. 4. Output laser power dependence on parameters 2τ  and 11W  for two values of 22W  

The graphs in figure 5 give a three-dimensional representation of the function 
( )3 11 1, ,laserP Wτ τ  for two values of the 1τ  parameter: 1τ =.10 ms and 1τ = 1 ms. 

The three-dimensional study of the parameters variation to increase laser output power 
showed the role of host material for high laser efficiency, checking that the decisive 
parameter is the time of life associated with the upper laser level. Selection of the materials 
having parameters in the areas of variation adopted in the analysis recommend as efficient 
solutions the fluorides: LiYF4 and BaY2F. 
Stable, non-chaotic behavior of the laser systems. A time dependence of the photon 
density in the cavity of the output power and of the implied level populations in the laser 
process was analyzed by the input parameters variations that is pumping power and the 
interaction cross-sections. For the pumping power differently step functions was 
considered. The analysis represents a satisfactory temporally description of the crystal laser 
to verify the used computational model. 
Our simulation for the time dependence confirm the stability of the continuous wave regime 
of operation of the crystal laser, after an initial transitory regime of the milliseconds order, 
which is gradually droped, from the moment we switch on the pump. 
This stable non-chaotic behavior is similar for different host materials, the used method not 
being time prohibitive for such studies. 
To understand better the obtained results, we indicate below some of the graphs plotted in 
that simulation: 3d analysis ( )11 1 2, ,P W τ τ  with 1 10msτ = ; 3d analysis ( )15 2 11, ,P Wσ τ  with 

19 2
15 10 cmσ −= ; 3d analysis ( )50 2 22, ,P W Wτ  with 24 3 1

22 1,8 10 m sW − −= ⋅ ; 3d analysis 
( )50 1 3, ,P W τ τ  with 1 10msτ = , etc. 
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Fig. 5. Output laser power dependence on parameters  3τ and 11W  for two values of 1τ   
In conclusion, the 3D study of the parameters variations to rise the output laser power put 
intro evidence the important role of the host materials, the decisively parameter being the 
lifetime associated with the upper laser level. 
By selection, other the parameters variations limits, the most efficiently media are the 
fluorides: LiYF4 and LiY2F8. 
In spite of the fact we have analyzed the problems by an original method, the results are 
consistent with the published data. 
A special mention must be made concerning the used "step-size" Runge - Kutta method which 
is rapidly and don't alterate the results obtained by classical Runge - Kutta method. 
In case of 3d analysis we used a 7 order precision and a 6 order stopping criteria. 

3.4 Fiber laser simulation 
In the fiber laser functioning, were studied almost the same problems as in the crystal laser 
case, that are: 
a. The output power thresholds and efficiencies for different values of the "colaser" 

process and in the absence of this effect. 
b. The relevance and the implications of the "colaser" process, which is specific to fiber laser 
c. The dependence of the output power on host material Er3+ doped, by variation of the 

characteristic parameters. 
d. The description of the time depended phenomena for the Er3+ doped fiber laser, 

inclusively the population dynamics. 
The principal differences between the crystal laser and fiber laser were taken into 
consideration, the most important being: 
- the existence of an extra field equation (Maciuc et al., 2001), which describes the 

colasing process in the fiber laser; 
- the absence of the “up-conversion” processes due to the low concentration of the Er3+ 

dopant. 

Coherent Radiation Generation and Amplification in Erbium Doped Systems   

 

267 

The role played by the up-conversion in crystal is taken in fiber laser by pumping from the 
first and second excited level. 
The analyzed physical system was the optical fiber with ZBLAN composition, having the 
next characteristic parameters: 
- the dopant concentration: 19 3: 1,8 10 cmdN −⋅ ; the amplifier length, : 480cml ; the laser 

mod radius, mode : 3,25μmr ; the pumping wavelength, : 791nmpλ ; the ground state 
absorption cross-section, 22 2

03 : 4,7 10 cmσ −⋅ ; the excited state absorption cross-section 
from the level 4

13/2 ,I  21 2
15 : 10 cmσ − ; the excited state absorption cross-section from the 

level 4
11/2 ,I  22 2

27 : 2 10 cmσ −⋅ ; the laser wavelength, : 2,71μmLλ ; the "colaser" 
wavelength, : 1,7μmclλ ; the emission cross-section, 21 2

21 : 5,7 10 cmσ −⋅ ; the "colaser" 
cross section, 20 2

53 : 0,5  or 0,1 10 cmσ −⋅ ; the Boltzmann, 14b  and 22 : 0,113b  respectively 
0,2; the mirror transmission T: 68%; the optical resonator length, : 720cmoptl . 

The "colaser" process was studied for three different values of the "colaser" cross section: 
2 20 2

53 530 cm ; 0,5 10 cmσ σ −= = ⋅  and 20 2
53 0,1 10 cmσ −= ⋅ . 

The most important conclusions resulting from the fiber laser analysis are: 
- The optimum operating conditions are obtained for 791nmpλ = , so that the pumping 

is realized directly on the upper laser level with the cross - section 03σ . 
- The presence of the "colaser" process, improves the laser efficiency on 3μm , by a 2 

factor in that cascade laser situation. The three - dimensional (3D) analysis shows the 
determinant role of the 2τ  for laser power similarly to the crystal laser, the parameters 

15σ  and 27σ  being strong correlated with the laser process, for the high values of the 
11τ . 

 

 
Fig. 6. Dependence of the output laser power both on  15σ  and  03σ  cross sections for  two 
values of  27σ .                               

The graphs  in Figure 6 shows a strong dependence of the laser power both on  15σ  and  
03σ  cross sections in terms of the high life time of the lower laser level 1τ  and a sufficiently 

low value of the effective cross section, 23 2
27 2 10 cmσ −= ⋅ . Increasing the value of the second 
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process(ESA) (Fig. 7) on obtain the same  behavior of the output power with the difference 
of a rapid increase from zero to a high value of a laser power, followed by a slow saturation.  
 

 
Fig. 7. Dependence of the output laser power both on  15σ  and  2τ  for  two values of  27σ                                

The dependence ( )15 2 27, ,P σ τ σ  represented by the graphs in figure 7, leads to the conclusions: 
- increasing of 2τ  the  laser power increases;  
- the rising  of 15σ  is favorable to laser power for 1τ = 10 ms;  
- high values of 27σ  causes low laser powers, due to the depopulation of the upper laser 

level. The study of the "colaser" process was made for three different values of effective 
"colaser" cross-section: 2

53 0 cm ;σ = 20 2
53 0,5 10 cmσ −= ⋅ and 20 2

53 0,1 10 cmσ −= ⋅ . (Note 
that ZBLAN fiber optic amplifiers require more pumping power than EDFA's  based on 
silicon dioxide.)  

Another important result is represented by the time dependent analysis of the output power 
and of the level populations, which shows a stable non - chaotic behavior as in the crystal 
laser case. 
All obtained results by numerical analysis are consistent with the data from the literature 
(Shalibeik, 2007).  

4. Nonlinear effects in optical fibers systems. 
4.1 The model 
In recent years much attention has been paid to the study of nonlinear effects in optical fiber 
lasers (Agrawal, 1995 & 1997; Desurvire, 1995).  
Self-pulsing and chaotic operation (Baker & Gollub, 1990; Abarbanel, 1996) of the EDFLs has 
been reported in various experimental conditions (Sanchez et al., 1993; Sanchez et al., 1995) 
including the case of pumping near the laser threshold. We present firstly a model for the 
single-mode laser taking into account the presence of the erbium ion pairs that act as a 
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The nonlinear dynamics of an erbium-doped fiber laser is explained based on a simple 
model of the ion pairs present in heavily doped fibers. The single-mode laser dynamics is 
reducible to four nonlinear differential equations. Depending on the ion pair concentration, 
the pumping level and the photon lifetime in the laser cavity, numerical calculations 
predicts cw, self-pulsing and sinusoidal dynamics. The regions of these dynamics in the 
space of the laser parameters are determined. 
A modeling of the erbium laser operating around 1.55 µm has been proposed (Sanchez et al., 
1993). This considers the amplifying medium as a mixture of isolated erbium ions and 
erbium ion pairs. For an isolated ion, the laser transition takes place between the energy 
levels 4

13/2I  and 4
15/2I  (Fig. 8). The ion is pumped on some upper energy levels and it 

fastly relaxes to the level 4
13/2I . It is noteworthy that energy level 4

9/2I  is positioned above 
level 4

13/2I  at a separation approximately equal to that of the laser transition. Two 
neighboring ions interact and form an ion pair. The strength of this interaction is small (due 
to the screening effect of the 104d  electrons on the 4 f  electrons) so that the energy levels 
are practically preserved and the pair energy is the sum of the two ions energy. Because of 
the quasiresonance of levels 4

9/2I  and 4
13/2I  with the laser transition, up-conversion in an 

ion pair has a significant probability. This is followed by a fast transition back to the 4
13/2I  

level. As a result of these processes, the population inversion decreases by one without the 
emission of a photon. Thus, the laser effect due to the ion pair is explained based on three 
ionic levels. 
Based on the above picture of the active medium, in the rate equation approximation the 
laser is described by the population inversion d  of the isolated ions, the sum d+  and the 
difference d−  of populations of levels 22 and 11, and the normalized laser intensity I , that  
verify equations (Flohic et al., 1991; Sanchez et al., 1993):          
 

 
Fig. 8. Laser energy levels: (a) an isolated erbium ion and (b) an ion pair. 
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process(ESA) (Fig. 7) on obtain the same  behavior of the output power with the difference 
of a rapid increase from zero to a high value of a laser power, followed by a slow saturation.  
 

 
Fig. 7. Dependence of the output laser power both on  15σ  and  2τ  for  two values of  27σ                                
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 (1 2 )I I A x dI Axyd I−= − + − + . (1d) 

In the above, the time variable is expressed in units of the photon lifetime in the cavity ( Lτ ). 
The quantity x  is the fraction of ion pairs in the active medium, Λ  is the pumping 
parameter, 2 L 2/a τ τ=  and 22 L 22/a τ τ= , where 2τ  and 22τ  are the lifetimes of level 2 and 
22, respectively. The other parameters are L L/y σ σ′= , where Lσ  and Lσ ′  are the 
absorption cross-section for the laser transition in isolated ions and pairs, respectively, and 

L 0 LA Nσ τ= , where 0N  is the erbium concentration. The normalization of the laser intensity 
I  is performed in the form L L L/I i σ τ= . 

4.2 Stability analysis 
Apart from the nonlasing state (zero intensity state), the intensity Li  in a stationary state 
satisfies the third-order polynomial equation: 

 3 2
L 1 L 2 L 3 0i c i c i c+ + + = ,  (5) 

where: 

 1 22 2 2 22 2 2( 2 ) / 3 ( 2 ) / 3 / 2 (2 ) / 2c Ax a a a a y a A a= − + + + − Λ − , (6) 

2 2 2 22 22 2 2 22[ ( /6 /6 ) / ( ) / 3 ]c x a A a a a A y a A a a y= + − Λ + Λ − +  

 2
2 2 22 2 22 2 22 2( 2 ) /6 / 3 ( 2 )(2 ) /6a a a y a a y A a a a y+ + + − + Λ − , (7) 

 2 2 2
3 2 2 22 2 22 2 22 2 22 2( 2 ) /6 /6 (1 2 )(2 ) /6c a Ax a a a a y a a y a a A x a y= − Λ − Λ + − − Λ − . (8) 

The laser threshold is derived from the condition 3 0c =  that implies: 

 0
th th

2 22

1 (2 ) /( 1)
1 (2 / 2 / )

Ax y A
y a y a x

− − +
Λ = Λ

− − −
, (9) 

where: 

 0
th 2(1 1 / ) / 2A aΛ = +  (10) 

is the pumping parameter at laser threshold in the absence of the ion pairs. Numerical 
solution of eq. (5) is performed for typical parameters. We take 2 10 msτ = , 22 2τ = µs, 

24 -3
0 5 10 mN = × , 16 2

L 1.6 10 mσ −= ×  and 0.2y = . The dependence of the threshold 
pumping level on the concentration of the ion pair for two values of photon lifetime in the 
cavity is presented in Fig. 9. The increase of the laser threshold due to the presence of the ion 
pairs limits the use of the fibers in such conditions. 
Above threshold there exists one steady-state intensity given by eq. (5), the other two 
solutions being unphysical (negative). The numerical calculation of the intensity in a 
significant range of the pumping parameter (Fig.10) gives a laser intensity following a 
straight line dependence. The influence of the ion pairs is again disadvantageous and 
manifests in reducing the slope of the characteristics. 
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Fig. 9. Threshold pumping parameter vs. ion pair percentage 

 

 
Fig. 10. Laser intensity in the steady state versus the pumping strength 

 

 
Fig. 11. (a) Calculated stability diagram for EDFL. 8

L 10 sτ −= ; (b) The influence of the 
photon lifetime on the margins of the stability domains. 
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Fig. 12. Long term temporal evolution of laser intensity at the fraction 0.1x =  of ion pairs 
and the pumping level (a) 1.5r = , (b) 2.5r = , and (c) 6.6r = . 8

L 10 sτ −= . 
Linear stability investigation of the steady states (Crawford, 1991, Press, 1992) reveals the 
existence of a critical value of the ion pair percentage under which the steady state (cw) 
solution is stable whatever the pumping level. At larger concentrations of the ion pairs, the 
laser is in a steady state or self-pulsing, depending on the value of the pumping parameter 
(Fig. 11.a). The transition from the cw dynamics to a self-pulsing one takes place when two 
complex conjugate eigenvalues of the linearized system cross the imaginary axis from left to 
right, i.e., a Hopf bifurcation occurs.( Crawford, 1991). In such conditions the steady state 
solution becomes unstable and the long-term system evolution settle down on a stable limit 
cycle in phase space. 
The photon lifetime contribution to the stability diagram is presented in Fig. 11.b. This 
proves that a cavity with low losses makes it possible to preserve the cw dynamics at larger 
doping levels. 
Fig.12 clarifies the quantitative changes of the laser intensity inside the self-pulsing domain. 
At a fixed value of the ion pair concentration, the increase in pumping gives rise to pulses of 
a higher repetition rate and close to the bifurcation point the intensity becomes sinusoidal. 
Besides, pulse amplitude reaches a maximum approximately in the middle of the self-
pulsing domain. 

4.3 The two-mode erbium-doped fiber laser 
A further step in the study of the laser dynamics considers a dual wavelength operation at 
1.550 µm and 1.556 µm, treated as a two coupled laser modes (Sanchezet al., 1995).         
The nonlinear dynamics of a two-mode fiber laser is explained in terms of a classical two-
mode laser model and two additional equations for the ion-pair quantum states.  
The laser is described through six coupled differential equations. There are analyzed the 
steady-states, their dependence on the laser parameters, and the onset of the self-pulsing 
and chaotic states is pursued. 
The two modes of the laser are coupled via a cross-saturation parameter ( β ). The system is 
described through the set of coupled equations: 

 1 2 1 1 1 2(1 ) 2 ( )d a d d I Iβ= Λ − + − + , (2a) 

  2 2 2 2 1 2(1 ) 2 ( )d a d d I Iγ β= Λ − + − + ,  (2b) 

Coherent Radiation Generation and Amplification in Erbium Doped Systems   

 

273 

 2 22 1 2(1 ) ( / 2)( ) (2 3 )( ),d a d a d d y d I I+ + + − += − − + + − +   (2c) 

 2 22 1 2(1 ) ( / 2)( ) ( ),d a d a d d yd I I− + + − −= Λ − − − + − +  (2d) 

 1 1 1 2 1 1(1 2 )( )I I A x d d I Axyd Iβ −= − + − + + , (2e) 

  2 2 1 2 2 2(1 2 )( )I I A x d d I Axyd Iβ −= − + − + + . (2f) 

In the above, 1,2I  are the normalized intensities and 1,2d  are the normalized population 
inversions of the two modes. The supplementary parameter γ  takes into account the 
anisotropy in pumping for the two modes. 
System (2) is to be investigated for typical parameters: 200Lτ = ns, 2 10τ = ms, 22 2τ = µs, 

18
0 5 10N = × cm 3− , 10

L 1.6 10σ −= × cm 3 s 1− , 0.2y = , 0.5β =  and 0.9γ = . 
There are three types of interesting stationary states: 1 2 0I I= =  (laser below threshold), 
( 1 0I > , 2 0I = ), i.e., the single-mode laser, and 1,2 0I >  (the two-mode state). The complete 
determination requires the solving of a fourth-order polynomial equation for intensity in the 
single-mode case, and a third-order polynomial equation in the two-mode case. The 
treatment of the steady-state stability is performed through the linearization of the system 
(2) around the steady-states and searching of the eigenvalues of a six-order matrix ( 
Crawford,1991; Abarbanel,1996; Ştefănescu,2002). The results are showed in Fig 13(a) for the 
parameters above and a range of ion-pair concentration in accordance with all practical 
cases. Here, (1)

thΛ  denotes the pumping parameter at the laser threshold and (2)
thΛ  is the 

pumping parameter at the switching of the weak mode (mode 2, here). We focus here on the 
two-mode operation. The pumping strength is usually expressed in the form (1)

th/r = Λ Λ .  
The steady-state intensities versus the pumping parameter are presented in figure 14. The 
straight-line dependence is followed for a large range of pumping strengths. 
The way to a stable steady-state is always through relaxation oscillations (Fig. 15).  
 
 

 
Fig. 13. Threshold pumping parameter for the laser action and two-mode states vs. ion pair 
percentage 
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Fig. 14. Steady-state intensities of the two-mode laser versus the pumping parameter, 0.1x =  
 

 

 
 

Fig. 15. (a) Transitory regime to a two-mode stationary state. 0.03x =  and 1.5r = . 

A thorough investigation of the laser dynamics in the domain where both modes are active 
seems to be a hard task. Instead, we try to find out the basics of this. For sufficiently low 
doping level, the asymptotic dynamics is a steady-state whatever the pumping parameter. 
For larger values of x , there is a range of self-pulsation dynamics. In Fig.16(a) this is 
showed by means of a bifurcation diagram, i.e., the maxima of one mode intensity is plotted 
against the pumping parameter. The dynamics in Fig. 16(a) has also been encountered in the 
case of the one-mode model (Sanchez et al., 1993) and the change from a stationary stable 
state to a self-pulsing one at 1.8r ≈  is a Hopf  bifurcation  ( Crawford, 1991).     
There exists a region of two maximum intensities, i.e., a period doubling. Temporal 
dynamics in such a case (Fig. 17) exhibits antiphase dynamics of the two laser modes. 
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A small increase of the ion-pair concentration to the value of 7% [Fig.16(c)] leads to the 
appearance of a window of a tripled period [Fig. (17c)]. Further increase of the ion-pair 
concentrations leads to a more complicated bifurcation diagram, including regions with 
multiple stable states (generalized bistability) and routes to chaotic dynamics such as the 
period-doubling route or a quasi-periodic one. 
 
 

 
 

Fig. 16. Bifurcation diagram of the strong mode intensity for relatively small ion-pair 
percentages: (a) 0.065x = , (b) 0.068x = , and (c) 0.070x = .  Figure 16(b) shows the maxima 
of intensity 1I  at a slightly larger ion-pair concentration.  
       
 

 
 

Fig. 17. Long-term temporal evolution of the laser for 1.45r =  and ion-pair concentrations 
in Fig. 6: (a) 0.065x = , (b) 0.068x = , and (c) 0.070x = . Solid line is used for the strong mode 
( 1I ) and dotted line for the weak mode ( 2I ). 

5. Conclusions 
The developed numerical models concerning the characterization and operation of the 
EDFA systems and also of the laser systems, both of the "crystal type" or "fiber type" 
realized in Er3+ doped media and the obtained results are consistent with the existing data in 
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the literature. Our results put into evidence the existence of the new situations which are 
important for the optimization of the functioning conditions for this kind of devices. 
That was due to the valences of the computer experiment method which make possible a 
complex study taking into account parameters intercorrelations by simulating experimental 
conditions, as have been shown. 
The erbium ion pairs in a laser fiber can explain the experimentally observed nonlinear 
dynamics of the system, apart from the intrinsic nonlinearity of a multiple-mode laser. The 
existence of the erbium ion pairs introduces a supplementary nonlinearity with a saturable 
absorber action (Sanchez et al.,1995). In the single-mode laser description, as well as in the 
two-mode laser the ion pairs are responsible for an increase of the laser threshold, a 
decrease of the laser gain, and self-pulsations. Depending on the laser pumping level, the 
laser self-pulsations range from an oscillatory form to a well-defined pulse-shape. The 
nonlinear dynamics is present even close to the laser threshold and does not requires large 
pumping levels. 
The nonlinear dynamics can be avoided by a choice of sufficiently low-doped fibers, such 
that the average distance between ions is large enough and the interaction between ions is 
small. It is clear that the limitation to sufficiently low-doped fibers is performed at the 
expense of using longer fibers. 
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1. Introduction      
Optical amplifiers are of potential use in wide variety of optoelectronic and optical 
communication applications, particularly for Wavelength Division Multiplexing (WDM) to 
increase the number of channels and transmission capacity in optical network systems.  For 
efficient performance of WDM systems, essential requirements are larger bandwidth, higher 
output power and flat gain over entire region of operation. Recent research is focused on 
design and development of fiber/MEMS-compatible optical amplifiers. Some examples of 
such sources are semiconductor quantum dot light-emitting diodes, super-luminescent 
diodes, Erbium doped fibre amplifier (EDFA, 1530-1625nm), Erbium doped planar amplifier 
(EDWAs), Fibre Raman amplifier, Thulium doped fibre amplifier (1460-1510nm). However, 
for many applications covering the total telecommunication window (1260-1700nm) is 
highly desirable and as such it is not yet realized.  Typical attenuation spectrum for glassy 
host is shown in Figure 1. Specially the low loss region extending from 1450 to 1600 nm, 
deemed the 3rd telecommunication window, emerged as the most practical for long haul 
telecommunication systems. This window has been split into several distinct bands: Short-
band (S-band), Centre-band (C-band) and Long-band (L-band).  With several generations of 
development, the transmission rates have increased dramatically so that several Terabits per 
second data can be transmitted over a single optical fiber at carrier wavelengths near 1550 
nm, a principal optical communication window in which propagation losses are minimum. 
EDFAs are attractive to WDM technology to compensate the losses introduced by WDM 
systems and hence has grown as a key to upgrade the transmission capacity of the present 
fiber links. EDFAs are widely used in long-haul fiber optic networks where the fiber losses 
are limited to 0.2 dB/km, is compensated periodically by placing EDFAs in the transmission 
link with spacing of up to 100 km. EDFAs make use of trivalent erbium (Er3+) ions to 
provide the optical amplification at wavelengths near 1550 nm, the long wavelength 
window dominantly used in optic networks since the fiber losses are found minimum 
around this wavelength. Light from an external energy source at a wavelength of 980 nm or 
1450 nm, coupled along with the information signal, and is passed through the EDFA to 
excite the Er3+ ions in order to produce the optical amplification through stimulated 
emission of photons at the signal wavelength. Er3+ doped waveguides (EDWA) have 
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obvious advantages as short-length devices and can be integrated monolithically or in 
hybrid form. Thus individual or co-doped rare earth doped glass fibres/waveguide research 
is of great promise and concentrated mostly on silicate glasses. However, their Amplified 
Spontaneous Emission (ASE) bandwidth is limited and also intrinsic absorption occurs even 
in its most pure form and is associated with the vibrational characteristics of the chemical 
bonds such as silicon-oxygen bonds.  Recently, rare earth co-doped fluoride and tellurite 
glasses have shown considerable ASE with extended bandwidth, where the emission 
broadness arises due to inter-ion energy transfer. Overall, the specific technological 
information related to suitability of rare earth doping, and proper choice of glass matrix is 
still not clear and worthy of pursuit. 
 

 
Fig. 1. Loss characteristics of silica fiber and emission bands of some rare earth ions in 
different glass hosts. 

In general, application and utilities of glassy materials are enormous and are governed by 
the factors like composition, refractive index, dopants/impurities present in the glasses. 
Demanding physical features of rare earth doped fibers/waveguide devices are (1) high 
solubility of rare earth for large concentration doping, (2) large temperature gap between 
the glass transition to crystallization temperature, (3) physical durability such as mechanical 
and moisture robustness. Moreover, the rare earth emission in glassy matrix is strongly 
dependent on crystal field effects, local environment where the ion is situated, phonon 
energies, refractive index and precise details about glass defects (Urbach tails) extended into 
the band gap. Though silicate glass is inexpensive and most useful matrix for many 
applications, the low refractive index and strong OH band contributions are major 
disadvantages. Numerous investigations were made in search for improvised and suitable 
glass matrix for strong rare earth emission. Among them, phosphate glasses are found to be 
most suitable for rare earth emission and phosphate glass lasers are already available in the 
market. However, the knowledge is still largely incomplete due to unusual structural 
characteristics such as high co-ordinations of the elements present and the large number of 
chemical elements that are being used in the compositions of these glasses. Our extensive 
studies on phosphate glasses show wide range of transparency, moisture insensitivity and 
ability in accepting large amount of rare earths as dopants, and most importantly the 
compatibility for fibre and waveguides (Vijaya Prakash et al., 2002; Surendra babu et al., 
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2007, Pradeesh et al., 2008; Amarnath Reddy et al., 2010).  In this chapter we review the 
essential rare earth spectroscopic details such as absorption analysis through Judd-Ofelt 
computations, emission lifetimes, gain cross-sections etc,. We further discuss the 
characteristic features of suitable glass hosts. Finally, we present most common waveguide 
fabrication techniques and a comparative review of information related to available 
waveguide devices.  

2. Spectral properties of rare earths ions  
Optically active rare earth (RE) ions are characterized by their 4f electrons in seven 4f-
orbitals. In addition to the most stable electronic configurations (ground state), various 
configurations with excited higher energy are possible in the thirteen RE ions from Ce3+ to 
Yb3+ ion. The energy of these different electronic configurations is separated by the 
Coulombic spin-orbit and ligand field interactions, resulting in the well-known energy level 
structures. The energy levels and various absorption and emission transitions of most 
sought-after Erbium (Er3+) ions are shown in Figure 2A. 
 

 
Fig. 2. (A) Partial electronic energy levels and various absorption and emission transitions of 
Er3+ ions  and (B) energy transfer between Er3+ and Yb3+ ions.  

The 4fN electron configuration of a rare earth ion is composed of a number of electronic 
states. The spread of 4fN energy levels arises from various atomic interactions between 
electrons and can be found by solving the time dependent Schrodinger equation. The weak 
interaction of the 4f electrons with electrons from other ions (in any environment) allows a 
Hamiltonian to be written for an individual rare earth ion as (Wybourne, 1965). 

 FI CF
ˆ ˆ ˆH  H   H= +  (1) 

where FI
ˆ H   is defined to incorporate the isotropic parts of Ĥ (including the spherically 

symmetric part of the 4f -electron-crystal-field interactions) and CFĤ is defined to represent 
the non-spherically symmetric components of the even parity crystal-field. The majority of 
RE optical absorption transitions occur between states which belong to the 4fN configuration. 
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For intra-f shell transitions the initial and final states have the same parity; this would imply 
that the electric-dipole process is forbidden (Görler-Walrand et. al., 1998). However, in cases 
where the site symmetry is not a centre of inversion (as usually the case of the glass), the site 
interaction Hamiltonian can contain odd-parity terms, thereby introducing a degree of 
electric-dipole strength into the intra-f –shell transitions. Using some simplifications, Judd 
and Ofelt have provided a way to treat conveniently the spectral intensities of intra-
configurational transitions of 4f ions in solids (Judd, 1962; Ofelt, 1962).  
The experimental oscillator strengths of the absorption spectral transitions are calculated 
from (Reisfeld et al., 1977) 

 ( )
2

exp 2
2303mcf d

N e
ε ν ν

π
= ∫  (2) 

where m and e are the electron mass and charge respectively, c is the velocity of light and 

( )ε ν , the extinction coefficient and is given by ( ) 01( ) log I
cl Iε ν ⎛ ⎞= ⎜ ⎟

⎝ ⎠
 where c is 

concentration of RE ion in moles/litre, l is the optical path length (cm) and ( )0log /I I  is the 
absorptivity. According to Judd-Ofelt (JO) theory the oscillator strengths for an induced 
electric dipole transition can be calculated theoretically from the relation 
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Where Tλ = τλ(2J+1)-1, σ is the mean energy of the transition in cm-1, Tλ are the adjustable Judd-
Ofelt parameters and the Uλ are doubly reduced unit matrix elements. Since these matrix 
elements are insensitive to ion environment, free ion matrix elements are used from literature. 
The experimental oscillator strengths were least square fit to obtain the intensity parameters 
Tλ. These parameters are used in turn to calculate Ωλ (λ = 2, 4 and 6) using the expression, 

 2
2 2 2

9 (2 1)3( )
8 ( 2)

J Thcm
mc

λ
λ

η
π η

+
Ω =

+
 (4) 

where η is the refractive index of the medium, (2J+1) is the degeneracy of the ground level 
of the particular ion of interest.  
In general, the oscillator strengths and positions of given transitions are sensitive to the local 
environment of RE ion sites occupied within the glass network. Therefore, JO parameters 
provide critical information about the nature of bond between RE ions to the surrounding 
ligands, particularly Ω2 parameter is sensitive to the local environment of RE ions and is often 
related to the asymmetry of the coordination structure, the polarizability of ligand ions and 
nature of bonding. On the other hand the values of Ω4, and Ω6 values, depend on bulk 
properties such as viscosity and dielectric of the media and are also effected by the vibronic 
transitions of the rare earth ions bound to the ligand atoms (Vijay Prakash et al., 2000). 
Accurate knowledge of absorption and emission cross sections is required for a range of 
applications, such as modelling of optical amplifiers and fiber lasers. While it is not 
straightforward to measure both of these cross sections accurately, owing to complications 
such as spectral re-absorption, up-conversion, excited-state absorption etc. The theory of 
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McCumber (McCumber, 1964) is a powerful tool that permits one of these two cross sections 
to be calculated if the other is known from measurements. The radiative transition 
probability between the states ψ J and ψ ’J’ is given by 
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where Sed and Smd, are the electric and magnetic dipole line strengths respectively given by  

 22

2,4,6
' 'edS e J U Jλ

λ ψ ψ= Ω∑  (6) 

and 

   
2 2

2
2 2 2 2 ' '

16md
e hS J L S J
m c

ψ ψ
π

= +  (7) 

The total radiative probability ( )TA Jψ , the radiative life time (τR), branching ratios(βR) and 
stimulated emission cross sections(σp) are given by 
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where λp and Δλp are average emission wavelength and effective emission band width 
respectively. 
While Er-doped glasses are of significant interest for C-band telecommunication window, in 
compact systems active material is often co-doped with Ytterbium (Yb3+) to enhance 
absorption efficiency. To obtain sufficient population inversion, even at low concentration of 
Er, large amount of Yb3+ sensitizing ions is required. Yb → Er migration-assisted non-radiative 
energy transfer scheme is shown in Figure 2B. For efficient population of the upper 4I13/2 laser 
level of Er3+ ions via Yb3+ ions, two indispensable conditions have to be fulfilled. The first one 
is a rapid excitation relaxation from 4I11/2 → 4I13/2 of Er3+ ion level is necessary. Otherwise 
reverse energy transfer back to Yb3+ ions in combination with the up-conversion processes will 
compete the upper laser level population process. This may lead to reduction in efficiency, or 
even inhibit of 1550nm emission completely. Second one is the quantum yield of the upper 
laser level 4I11/2 luminescence should be high. Both conditions are well satisfied in phosphate 
glasses where Er3+ ion luminescent lifetimes are typically τ1=7.8 - 9.0ms for the 4I13/2 level and 
τ2 ≅ 1–3 μs for the 4I11/2 level (Zhang et al., 2006; Liang et al., 2005)   
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For intra-f shell transitions the initial and final states have the same parity; this would imply 
that the electric-dipole process is forbidden (Görler-Walrand et. al., 1998). However, in cases 
where the site symmetry is not a centre of inversion (as usually the case of the glass), the site 
interaction Hamiltonian can contain odd-parity terms, thereby introducing a degree of 
electric-dipole strength into the intra-f –shell transitions. Using some simplifications, Judd 
and Ofelt have provided a way to treat conveniently the spectral intensities of intra-
configurational transitions of 4f ions in solids (Judd, 1962; Ofelt, 1962).  
The experimental oscillator strengths of the absorption spectral transitions are calculated 
from (Reisfeld et al., 1977) 
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where η is the refractive index of the medium, (2J+1) is the degeneracy of the ground level 
of the particular ion of interest.  
In general, the oscillator strengths and positions of given transitions are sensitive to the local 
environment of RE ion sites occupied within the glass network. Therefore, JO parameters 
provide critical information about the nature of bond between RE ions to the surrounding 
ligands, particularly Ω2 parameter is sensitive to the local environment of RE ions and is often 
related to the asymmetry of the coordination structure, the polarizability of ligand ions and 
nature of bonding. On the other hand the values of Ω4, and Ω6 values, depend on bulk 
properties such as viscosity and dielectric of the media and are also effected by the vibronic 
transitions of the rare earth ions bound to the ligand atoms (Vijay Prakash et al., 2000). 
Accurate knowledge of absorption and emission cross sections is required for a range of 
applications, such as modelling of optical amplifiers and fiber lasers. While it is not 
straightforward to measure both of these cross sections accurately, owing to complications 
such as spectral re-absorption, up-conversion, excited-state absorption etc. The theory of 
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to be calculated if the other is known from measurements. The radiative transition 
probability between the states ψ J and ψ ’J’ is given by 
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where λp and Δλp are average emission wavelength and effective emission band width 
respectively. 
While Er-doped glasses are of significant interest for C-band telecommunication window, in 
compact systems active material is often co-doped with Ytterbium (Yb3+) to enhance 
absorption efficiency. To obtain sufficient population inversion, even at low concentration of 
Er, large amount of Yb3+ sensitizing ions is required. Yb → Er migration-assisted non-radiative 
energy transfer scheme is shown in Figure 2B. For efficient population of the upper 4I13/2 laser 
level of Er3+ ions via Yb3+ ions, two indispensable conditions have to be fulfilled. The first one 
is a rapid excitation relaxation from 4I11/2 → 4I13/2 of Er3+ ion level is necessary. Otherwise 
reverse energy transfer back to Yb3+ ions in combination with the up-conversion processes will 
compete the upper laser level population process. This may lead to reduction in efficiency, or 
even inhibit of 1550nm emission completely. Second one is the quantum yield of the upper 
laser level 4I11/2 luminescence should be high. Both conditions are well satisfied in phosphate 
glasses where Er3+ ion luminescent lifetimes are typically τ1=7.8 - 9.0ms for the 4I13/2 level and 
τ2 ≅ 1–3 μs for the 4I11/2 level (Zhang et al., 2006; Liang et al., 2005)   
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Fig. 3. Typical absorption spectra of Er3+/Yb3+ co-doped phosphate (NAP) glasses.  
The absorption spectra of Er3+/Yb3+ co-doped NAP (Na3Al2P3O12) phosphate glass are shown 
in Figure 3 (Amarnath Reddy et al, 2010).  The spectra consist of absorption bands 
corresponding to the transitions from the ground state 4I15/2 of Er3+ions. From the absorption 
spectral analysis three important JO parameters (Ωλ = 2, 4 and 6), were obtained. As mentioned 
before, both covalence and site selectivity of RE ion with non-centro symmetric potential 
contributes significantly to Ω2. The variation of Ω2 with Er3+ concentration in various 
phosphate glasses is shown in Figure 4A and also in Table 1. Also, Ω2 is strongly dependent on 
the hypersensitive transitions. Hypersensitivity is related to the covalency through 
nephelauxetic effect and affects the polarizability of the ligands around the rare earth ions 
(Kumar et al., 2007). Higher ligand polarizability results in a larger overlap between rare earth 
ions and ligands orbital, i.e., higher degree of covalency between rare earth ions and the 
ligands. Hypersensitive nature of 4I15/2 → 2H11/2, and 4G11/2 transitions of Er3+ ions, which is 
strongly dependent on covalency and site asymmetry, governs the radiative properties of Er3+ 
ions. Though Ω2 parameter can be an indicator for covalent bonding, in view of 
hypersensitivity, it is appropriate to look at the variation of the sum of the JO parameters with 
the oscillator strengths of hypersensitive transitions instead of taking a single parameter. 
Figure 4B compares the plots of ΣΩλ (λ= 2, 4 and 6), against oscillator strengths of the 
hypersensitive transitions of Er3+ ions doped in various glass systems. Lower oscillator 
strengths are observed for ionic systems such as fluorides while highly covalent systems such 
as phosphate, and borate glasses show higher oscillator strengths. 
Electronic polarization of materials is widely regarded as one of the most influencing 
parameter and many physical, linear and nonlinear optical properties of materials are 
strongly dependent on it.  Duffy, Dimitrov and Sakka correlated many independent linear 
optical entities to the oxide ion polarizability of single component oxides (Dimitrov & Sakka, 
1996; Duffy, 1986).  This polarizability approach, predominantly gives the insight into the 
strong relation between covalent/ ionic nature of materials and other optical parameters, 
such as optical band gap (Eopt) (Vijay Prakash 2000). Recently we have related optical band 
gaps of various binary, ternary and quaternary oxide glasses to the polarizability (of cation) 
in terms of 1-Rm/Vm,(Rm=molar refractivity and Vm=  molar volume) known as covalancy 
parameter or metallization parameter (Pradeesh etal., 2008). Generally, the covalancy 
parameter ranges from 0.3 to 0.45 for highly polarisable cation containing oxides (such as 
Pb2+ and Nb5+), while for the alkaline and alkaline-earth (such as Na+, Li+) oxides it falls in 
between 0.5-0.70. Although it is quite complex to correlate optical parameters of the glassy 
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Fig. 4. (A) variation of Ω2 with Er3+ concentration in various phosphate glasses. (B) Oscillator 
strengths (as open symbols) of various hypersensitive (4G11/2 and 2H11/2) and non-
hypersensitive (4F9/2 and 4S3/2) transitions of Er3+ ions with respect to the sum of Judd–Ofelt 
parameters. Various other glasses are also incorporated (as filled symbols) for comparison 
(Vijaya Prakash et al., 1999,2000). (C) Ω2 and (D) Eopt values against metallization parameter 
(1-Rm/Vm)  (Pradeesh etal 2008,Vijaya Prakash et al., 1999,2000). 
 

Phosphate glass composition Ω2 Ω4 Ω6 
92(Na3Al2P3O12) -(8-x) Al2O3-(x)Er2O3 x=2 3.26 0.57 0.55 
92(Na3Al2P3O12) -(8-x) Al2O3-(x)Er2O3 x=3 3.25 0.54 0.55 
92(Na3Al2P3O12) -(8-x) Al2O3-(x)Er2O3 x=4 3.01 0.51 0.56 
92(Na3Al2P3O12) -(8-x) Al2O3-(x)Er2O3 x=5 2.97 0.49 0.54 
92(Na3Al2P3O12) -(8-x) Al2O3-(x)Er2O3 x=6 2.99 0.84 0.59 
92(Na3Al2P3O12) -(8-x) Al2O3-(x)Er2O3 x=7 3.24 0.80 0.71 
92(Na3Al2P3O12) -(8-x) Al2O3-(x)Er2O3 x=8 3.53 0.76 0.56 
92(Na2AlP5O15) -(8-x) Al2O3-(x)Er2O3 x=7 3.08 0.80 0.39 
92(Na2AlP5O15) -(8-x) Al2O3-(x)Er2O3 x=8 3.39 0.72 0.50 

60 PbCl2 - 40P2O5, 1wt% Er3+ 3.36 0.51 1.51 
10Na2O- 50 PbCl2 - 40P2O5, 1wt% Er3+ 4.11 0.47 1.16 
20Na2O- 40 PbCl2 - 40P2O5, 1wt% Er3+ 3.66 0.34 1.86 
30Na2O- 30 PbCl2 - 40P2O5, 1wt% Er3+ 3.79 0.13 1.21 

Na3TiZnP3O12  1wt% Er3+ 4.94 1.15 5.77 
Na4AlZnP3O12 1wt% Er3+ 3.77 1.34 1.25 

Table 1. Judd Ofelt ((Ωλ = 2, 4 and 6) x 10-20, cm2) parameters for various phosphate glasses 
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Table 1. Judd Ofelt ((Ωλ = 2, 4 and 6) x 10-20, cm2) parameters for various phosphate glasses 
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systems with polarizability of oxide ions, it is interesting to see the influence of cation (such 
as Na+) polarizability on other independent parameters, such as JO parameters. Since Ω2 

values are known to show dependence on covalent nature of phosphate host, we made a 
plot between Ω2 and Eopt values against metallization parameter (1-Rm/Vm) in Figure 4C&D. 
Interestingly, the Ω2 values are monotonically increasing with the metallization parameter.  
Though with respect to metallization parameters they show more of alkali oxide nature, 
significantly higher Ω2 indicates strong covalent nature, could possibly be due to the 
increased role of phosphate linkage, having more double bonded oxygens (DBOs) 
coordinated to the rare earth ions.  
Further, table 2 gives the most useful physical and spectral parameters, viz., values of 
density(d, gm/cm3), Refractive index (n), Judd-Oflet  parameters  ((Ωλ, λ=2,4,6)x10-20, cm2), 
calculated (τcal, ms) and measured life times (τexp, ms), effective line widths (Δλ, nm), 
absorption (σax10-21, cm2) and emission cross-sections (σex10-21, cm2) of Er3+ and Er3+/Yb3+ 
doped in  phosphate, Tellurite and silicate glasses.  
 

Composition RE d/η Ω2 Ω4 Ω6 τexp τcal Δλ σa σe Reference 
Phosphate 

20Na2O–2Al2O3–xEr2O3–
yYb2O3–30Nb2O5-15TiO2–

30P2O5 
Er3+-Yb3+ -/1.84 - - - 3.00 - 53 - - Bozelli et al., 

2010 

Schott Er3+-Yb3+ -/1.52 - - - 9.18 9.21 40 - - Zhang, et al., 
2006 

EYDPG Er3+-Yb3+ - - - - 7.91 9.10 42 6.56 7.20 Liang,   et al., 
2005 

72P2O5-8Al2O3-20Na2O Er3+ -/1.51 6.84 1.94 1.29 - 7.46 - 7.41 8.23 Gangfeng,  et 
al., 2005 

WM-1 Er3+-Yb3+ 2.83/1.53 6.45 1.56 0.89 7.90 9.10 42 6.56 7.20 Bao - Yu, et al., 
2003 

67P2O5-14Al2O3-14Li2O-1K2O Er3+-Yb3+ - 7.06 1.70 1.04 8.00 8.62 40 6.4 7.8 Wong,  et al., 
2002 

29.9Na2O-30.8P2O5-18.7Nb2O5-
13.9Ga2O3-6.6Er2O3 

Er3+ -/1.71 3.89 1.00 0.55 8.9 3.10 50 - - Righini,  et al., 
2001 

IOG-1 Er3+-Yb3+ -/1.52 6.13 1.48 1.12 8.10 8.55 46 4.13 4.62 Veasey,  et al., 
2000 

Tellurite 
80TeO2-10ZnO-10Na2O-

20P2O5-0.5Er2O3 
Er3+ 4.36/1.95 - - - 3.90 - 46 6.99 8.50 Fernandez,  et 

al., 2008 
67TeO2-30P2O5-1Al2O3-

1.75La2O3-0.25Er2O3 
Er3+ 3.75/2.00 3.4 1.0 0.2 4.10 7.90 41 - 6.00 Nandi,  et al., 

2006 

60TeO2–30WO3–10Na2O Er3+ - 7.13 1.90 0.82 3.40 3.46 52 8.10 9.10 Zhao,  et al., 
2006 

25WO3-15Na2O-60TeO2+(0.05-
2Er2O3) 

Er3+ -/2.047 6.7 1.7 1.15 2.80 3.39 62 - - Conti,  et al., 
2004 

8Na2O-27.6Nb2O5-64.4Te2O5-
1Er2O3 

Er3+ 4.98/2.12 6.86 1.53 1.12 3.02 2.90 - 8.63 1.02 Lin,  et al., 2003 

Silicate 
52.0SiO2·33.0B2O3·7.7Na2O·4.0

CaO·2.7Al2O3.0.6CeO2 
Er3+ 1.98/1.46 8.15 1.43 1.22 6.00 9.10 45 - 5.10 Ning,  et al., 

2006 
61.4SiO2–11.73Na2O–9.23CaO–
16.67Al2O3–0.33P2O5-0.51K2O-

0.39Er2O3 
Er3+ 2.624/ 

1.54 7.15 1.95 1.01 6.20 8.43 48 - 7.70 Berneschi,  et 
al., 2005 

61SiO2–12Na2O–3Al2O3–
12LaF3–12PbF2 

Er 3+  3.62/1.66 - - - 10.5 - 48 7.50 7.80 Shen,  et 
al.,2004 

73SiO2–14Na2O–11CaO–
1Al2O3–0.4P2O5–0.6K2O Er3+-Yb3+, -/1.53 4.89 0.77 0.50 - - - - - Righini,  et al., 

2001 

IOG-10 Er3+-Yb3+ -/1.54 - - - 10.2 17.8 32 5.70 5.80 Peters,  et al., 
1999  

Table 2. Important spectroscopic parameters of Er3+ and Er3+/Yb3+ doped various 
phosphate, tellurite and silicate glasses.   
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3. Glasses for rare earth based amplifiers 
Improvements in the quantum efficiency of the luminescent levels of RE ions can be 
achieved by selecting a suitable host material and by modifying the local environment 
surrounding them (Görler-Walrand et. al., 1998). Such modifications are often achieved by 
breaking up the structure of atoms surrounding a rare earth ion with other, often larger 
elements, termed as network modifiers. Discussing the role of network modifiers requires an 
understanding of the basic structure of different glass network formers. Oxide glasses, such 
as borate, silicate, tellurite and phosphate glasses, have proven to be the appropriate host 
materials for the development of optoelectronic components. Among the oxide glass hosts, 
phasephate glasses have attracted much attention due to their high transparency, thermal 
stability, good RE ion solubility, easy preparation in large scale, shaping and cost effective 
properties. Let us compare the structural features of phosphate glass with well-known silica 
and tellurite glass networks. 

3.1 Silicate glass 
Silica is built from basic structural units, the most common of which is the network former 
unit, (SiO4)2-. This network former consists of a silicon atom at the centre of a tetrahedron 
with an O atom bonded to each corner. The basic structure of silica glass, Figure 5A, 
contains tetrahedral units that are tightly connected by their corners through oxygen atoms 
(bridging oxygens); these random connections form a 3 dimensional structure similar to that 
shown in the Figure 5B. The strong electron bond which exists between the silicon and 
oxygen atoms gives the silica glass its impressive mechanical strength and thermal 
properties. However, the drawback to the silica glass network is its limited soluability of 
rare earth ions (<3wt%). One explanation of this phenomenon is that rare earth ions require 
co-ordination of a sufficiently high number of non-bridging oxygens to screen the electric 
charge of the ion, whereas highly rigid silica glass network cannot co-ordinate the non-
bridging oxygens resulting in a system with a higher enthalpy state. Therefore, rare earth 
ions tend to share non-bridging oxygens to reduce the excess enthalpy, resulting in the 
 

 
Fig. 5. (A) &(B)Tetrahedral structure of (SiO4)2-, showing 4 oxygen atoms surrounding the 
central silicon atom and  3 - dimensional structure of SiO2 , showing the interconnection of 
the tetrahedral units. (C) Schematic view of the phosphate glass network showing the 
different type of atoms neighbourhoods. 
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systems with polarizability of oxide ions, it is interesting to see the influence of cation (such 
as Na+) polarizability on other independent parameters, such as JO parameters. Since Ω2 

values are known to show dependence on covalent nature of phosphate host, we made a 
plot between Ω2 and Eopt values against metallization parameter (1-Rm/Vm) in Figure 4C&D. 
Interestingly, the Ω2 values are monotonically increasing with the metallization parameter.  
Though with respect to metallization parameters they show more of alkali oxide nature, 
significantly higher Ω2 indicates strong covalent nature, could possibly be due to the 
increased role of phosphate linkage, having more double bonded oxygens (DBOs) 
coordinated to the rare earth ions.  
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density(d, gm/cm3), Refractive index (n), Judd-Oflet  parameters  ((Ωλ, λ=2,4,6)x10-20, cm2), 
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2010 
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al., 2005 
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Er3+ -/1.71 3.89 1.00 0.55 8.9 3.10 50 - - Righini,  et al., 
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2006 
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61.4SiO2–11.73Na2O–9.23CaO–
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0.39Er2O3 
Er3+ 2.624/ 

1.54 7.15 1.95 1.01 6.20 8.43 48 - 7.70 Berneschi,  et 
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al.,2004 

73SiO2–14Na2O–11CaO–
1Al2O3–0.4P2O5–0.6K2O Er3+-Yb3+, -/1.53 4.89 0.77 0.50 - - - - - Righini,  et al., 

2001 
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Table 2. Important spectroscopic parameters of Er3+ and Er3+/Yb3+ doped various 
phosphate, tellurite and silicate glasses.   
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3. Glasses for rare earth based amplifiers 
Improvements in the quantum efficiency of the luminescent levels of RE ions can be 
achieved by selecting a suitable host material and by modifying the local environment 
surrounding them (Görler-Walrand et. al., 1998). Such modifications are often achieved by 
breaking up the structure of atoms surrounding a rare earth ion with other, often larger 
elements, termed as network modifiers. Discussing the role of network modifiers requires an 
understanding of the basic structure of different glass network formers. Oxide glasses, such 
as borate, silicate, tellurite and phosphate glasses, have proven to be the appropriate host 
materials for the development of optoelectronic components. Among the oxide glass hosts, 
phasephate glasses have attracted much attention due to their high transparency, thermal 
stability, good RE ion solubility, easy preparation in large scale, shaping and cost effective 
properties. Let us compare the structural features of phosphate glass with well-known silica 
and tellurite glass networks. 

3.1 Silicate glass 
Silica is built from basic structural units, the most common of which is the network former 
unit, (SiO4)2-. This network former consists of a silicon atom at the centre of a tetrahedron 
with an O atom bonded to each corner. The basic structure of silica glass, Figure 5A, 
contains tetrahedral units that are tightly connected by their corners through oxygen atoms 
(bridging oxygens); these random connections form a 3 dimensional structure similar to that 
shown in the Figure 5B. The strong electron bond which exists between the silicon and 
oxygen atoms gives the silica glass its impressive mechanical strength and thermal 
properties. However, the drawback to the silica glass network is its limited soluability of 
rare earth ions (<3wt%). One explanation of this phenomenon is that rare earth ions require 
co-ordination of a sufficiently high number of non-bridging oxygens to screen the electric 
charge of the ion, whereas highly rigid silica glass network cannot co-ordinate the non-
bridging oxygens resulting in a system with a higher enthalpy state. Therefore, rare earth 
ions tend to share non-bridging oxygens to reduce the excess enthalpy, resulting in the 
 

 
Fig. 5. (A) &(B)Tetrahedral structure of (SiO4)2-, showing 4 oxygen atoms surrounding the 
central silicon atom and  3 - dimensional structure of SiO2 , showing the interconnection of 
the tetrahedral units. (C) Schematic view of the phosphate glass network showing the 
different type of atoms neighbourhoods. 
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formation of clusters. To accommodate greater amounts of rare earth ions, network 
modifiers are required to increase the number of available non-bridging oxygen ions in the 
silica glass network. Network modifiers such as Na3+ and Al3+ are often used to facilitate the 
incorporation of rare earth ions, as their size is substantially greater than the basic network. 
These modifiers act to break the bridging oxygens to form non-bridging oxygens which can 
be used to co-ordinate the rare earth ions. Of the network modifiers studied in silica glass to 
date, Al2O3 has shown the most favourable characteristics. Al2O3 has also been used to 
improve the efficiency of Er3+ -doped fibre amplifiers by eliminating the quenching effects 
from the 4I13/2→ 4I15/2 transition (Corradi et al., 2006).  

3.2 Tellurite glass 
Recent work on the structure of tellurite glasses has concluded that the network more closely 
resembles paratellurite (α-TeO2), where [TeO4] units are only linked at their corners (Stavrou et 
al., 2010). Combining TeO2 with network modifiers (such as Na2O) and intermediates (such as 
ZnO) results in structural modification to chain like structures. In general the tellurite glasses 
follow the pattern of crystalline α-TeO2, which are formed by [TeO4] groups as trigonal 
bipyramids. Such structural units can progressively form [TeO3+1] and trigonal pyramids 
[TeO3] (Surendra babu et al., 2007). Upon network modified, the glass network becomes more 
open and more non-bridging oxygens are created (Golubeva, 2003; Vijaya Prakash et al., 2001). 
Tellurite glasses are very promising materials for up-conversion lasers and nonlinear 
applications (such as photonic crystal fibers) in optics due to some of their important 
characteristic features such as high refractive index, low phonon maxima and low melting 
temperatures. Recently, an addition of oxides of heavy metals such as Nb, Pb and W to 
tellurite glasses is being studied extensively because such additions seem to show remarkable 
changes in both physical and optical properties of these glasses (Vijaya Prakash et al, 2001). 

3.3 Phosphate glass 
The structure of phosphate glass consists of random network of phosphorous tetrahedra. In 
glassy and crystalline phosphate the basic building blocks are PO4 tetrahedra. In a pure 
phosphate glass the tetrahedra are linked through three of the oxygens while the fourth 
oxygen is doubly bonded to the phosphorus atom and does not participate in the network 
formation. The networks of phosphate glasses can be classified by the oxygen to phosphorus 
ratio, which sets the number of tetrahedral linkages (through bridging oxygens) between 
neighboring P-tetrahedra (Vijaya Prakash & Jaganaathan, 1999). When the modifier cations 
are added to the phosphate glasses, the P=O of phosphate group is unaffected and 
depolymerization takes place through the breaking linkages only. When a glass modifier 
(oxides, such as Al2O3) is added the network breaks up creating non bridging oxygens in the 
structure which coordinate the metal ions of the modifier oxide, Figure 5C. With increasing 
amount of modifier, the number of non-bridging oxygens, per PO4 unit, will go from zero to 
three for orthophosphates. At this composition the host structure consists principally of 
chains of corner linked PO4 tetrahedra with 2 non-bridging oxygens per tetrahedron. The 
metal ions of the modifier oxide will not participate in the network but will associate to the 
non-bridging oxygens (Seneschal et al., 2005).  
In recent days NASICON type phosphate glasses (acronym for the crystalline Na-Super-
Ionic Conductor, Na1+xZr2P3-xSixO12) has attracted much attention, as they facilitate a large 
scope for preparing a number of glasses with variation in their constituent metal ions and 
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compositions. These glasses have the general formula AmBnP3O12 where A is an alkali or 
alkaline earth metal ion and B is one or more metal ions in tri, tetra or pentavalent state. 
Constituent metal ion variation in these glasses has shown marked changes in Physical, 
linear and nonlinear optical properties (Mariappan et al, 2005, 2005, et al, Vijaya Prakash et 
al., 1999,00,01,02). It is also interesting to note that the rare earth ions in NASICON glasses 
are likely to be located in the sites of A and B, implies that the rare earth oxides are actively 
involved in glass network than as simple dopants. Morever, due to the presence of alkali 
ions, the rare earth solubility improves leading to the possibility of using a high 
concentration of dopants, which is very important for short length optical amplifiers,and 
further provides suitability for the fabrication of optical wave guide devices by ion 
exchange. Also chloro/fluorophosphate glasses show potential as hosts for lasers and 
holographic gratings, specially lead-bearing fluorides are considered to be good candidates 
for up-conversion studies (Pradeesh et al, 2008, Vijaya Prakash, et al 1999).  

Phosphate laser glass is an attractive amplifier material because it combines the required 
properties of good chemical durability, high gain density, wide bandwidth emission 
spectrum of erbium, and low up-conversion characteristics (Miniscalco, 1991). Phosphate 
glass exhibits a high gain density due to a high solubility for rare earth ions. The high ion 
density results in a significantly short-length optical gain device than silica bsed glass 
counterparts. For example, Erbium doped silica fiber is typical gain coefficients are about of 
2 to 3 dB/m, whereas in phosphate glass waveguide it is about 2 to 3 dB/cm.  Erbium-
ytterbium doped phosphate glass technology, in particular, has demonstrated a significant 
capacity for large gain per length coefficients in addition to providing the ability to tailor the 
absorption by the ytterbium concentration. These combined aspects of the phosphate glass 
material, and reported results, Table2, support it as a prime candidate for producing 
compact photonic modules employing gain. 

4. Erbium doped waveguide fabrication  
As discussed earlier, glass is of particular interest for integrated optics because of relatively 
low cost, excellent transparency, high optical damage threshold and availability in 
substantially large sizes. It is rigid and amorphous which makes it easier to produce 
polarization-insensitive components. Refractive index can be tailored close to that of optical 
fiber to reduce the coupling losses between the waveguides and optical fibers. There are 
various waveguide fabrication methods available for waveguides amplifiers such as Ion 
Implantation of Er ions directly into the pre-fabricated waveguide (Bentini et al., 2008), Thin 
film techniques (RF Sputtering/PECVD/EBVD) combined with photolithography, reactive 
ion etching (RIE) and flame hydrolysis (Shmulovich, et. al., 1992; Nakazawa & Ktmuraa, 
1992). Composite erbium-doped waveguides (Honkanen et. al., 1992,) and sol-gel based 
low-cost integrated optoelectronic devices are some of the other interesting developments 
(Najafi et. al., 1996; Milova et. al., 1997).  
Micromachining of glass substrates by high-power femtosecond laser pulses is one of the 
recent developement in the fabrication of optical channel waveguides, Figure 6C. This 
technique has an unique advantage in fabricating of 3-D waveguides inside glass substrates, 
which is not easy from conventional ion-exchange and photolithographic processes. 
Channel waveguides written using ultrafast lasers in erbium-doped phosphate glasses for 
integrated amplifiers and lasers operating in the C-band have been already demonstrated 
(Osellame, 2003). 
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formation of clusters. To accommodate greater amounts of rare earth ions, network 
modifiers are required to increase the number of available non-bridging oxygen ions in the 
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improve the efficiency of Er3+ -doped fibre amplifiers by eliminating the quenching effects 
from the 4I13/2→ 4I15/2 transition (Corradi et al., 2006).  
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[TeO3] (Surendra babu et al., 2007). Upon network modified, the glass network becomes more 
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Tellurite glasses are very promising materials for up-conversion lasers and nonlinear 
applications (such as photonic crystal fibers) in optics due to some of their important 
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tellurite glasses is being studied extensively because such additions seem to show remarkable 
changes in both physical and optical properties of these glasses (Vijaya Prakash et al, 2001). 
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glassy and crystalline phosphate the basic building blocks are PO4 tetrahedra. In a pure 
phosphate glass the tetrahedra are linked through three of the oxygens while the fourth 
oxygen is doubly bonded to the phosphorus atom and does not participate in the network 
formation. The networks of phosphate glasses can be classified by the oxygen to phosphorus 
ratio, which sets the number of tetrahedral linkages (through bridging oxygens) between 
neighboring P-tetrahedra (Vijaya Prakash & Jaganaathan, 1999). When the modifier cations 
are added to the phosphate glasses, the P=O of phosphate group is unaffected and 
depolymerization takes place through the breaking linkages only. When a glass modifier 
(oxides, such as Al2O3) is added the network breaks up creating non bridging oxygens in the 
structure which coordinate the metal ions of the modifier oxide, Figure 5C. With increasing 
amount of modifier, the number of non-bridging oxygens, per PO4 unit, will go from zero to 
three for orthophosphates. At this composition the host structure consists principally of 
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compositions. These glasses have the general formula AmBnP3O12 where A is an alkali or 
alkaline earth metal ion and B is one or more metal ions in tri, tetra or pentavalent state. 
Constituent metal ion variation in these glasses has shown marked changes in Physical, 
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al., 1999,00,01,02). It is also interesting to note that the rare earth ions in NASICON glasses 
are likely to be located in the sites of A and B, implies that the rare earth oxides are actively 
involved in glass network than as simple dopants. Morever, due to the presence of alkali 
ions, the rare earth solubility improves leading to the possibility of using a high 
concentration of dopants, which is very important for short length optical amplifiers,and 
further provides suitability for the fabrication of optical wave guide devices by ion 
exchange. Also chloro/fluorophosphate glasses show potential as hosts for lasers and 
holographic gratings, specially lead-bearing fluorides are considered to be good candidates 
for up-conversion studies (Pradeesh et al, 2008, Vijaya Prakash, et al 1999).  

Phosphate laser glass is an attractive amplifier material because it combines the required 
properties of good chemical durability, high gain density, wide bandwidth emission 
spectrum of erbium, and low up-conversion characteristics (Miniscalco, 1991). Phosphate 
glass exhibits a high gain density due to a high solubility for rare earth ions. The high ion 
density results in a significantly short-length optical gain device than silica bsed glass 
counterparts. For example, Erbium doped silica fiber is typical gain coefficients are about of 
2 to 3 dB/m, whereas in phosphate glass waveguide it is about 2 to 3 dB/cm.  Erbium-
ytterbium doped phosphate glass technology, in particular, has demonstrated a significant 
capacity for large gain per length coefficients in addition to providing the ability to tailor the 
absorption by the ytterbium concentration. These combined aspects of the phosphate glass 
material, and reported results, Table2, support it as a prime candidate for producing 
compact photonic modules employing gain. 

4. Erbium doped waveguide fabrication  
As discussed earlier, glass is of particular interest for integrated optics because of relatively 
low cost, excellent transparency, high optical damage threshold and availability in 
substantially large sizes. It is rigid and amorphous which makes it easier to produce 
polarization-insensitive components. Refractive index can be tailored close to that of optical 
fiber to reduce the coupling losses between the waveguides and optical fibers. There are 
various waveguide fabrication methods available for waveguides amplifiers such as Ion 
Implantation of Er ions directly into the pre-fabricated waveguide (Bentini et al., 2008), Thin 
film techniques (RF Sputtering/PECVD/EBVD) combined with photolithography, reactive 
ion etching (RIE) and flame hydrolysis (Shmulovich, et. al., 1992; Nakazawa & Ktmuraa, 
1992). Composite erbium-doped waveguides (Honkanen et. al., 1992,) and sol-gel based 
low-cost integrated optoelectronic devices are some of the other interesting developments 
(Najafi et. al., 1996; Milova et. al., 1997).  
Micromachining of glass substrates by high-power femtosecond laser pulses is one of the 
recent developement in the fabrication of optical channel waveguides, Figure 6C. This 
technique has an unique advantage in fabricating of 3-D waveguides inside glass substrates, 
which is not easy from conventional ion-exchange and photolithographic processes. 
Channel waveguides written using ultrafast lasers in erbium-doped phosphate glasses for 
integrated amplifiers and lasers operating in the C-band have been already demonstrated 
(Osellame, 2003). 
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Fig. 6. (A&B) Ion exchange field assisted annealing channel waveguide fabrication (C) 
Optical setup for femtosecond laser waveguide writing 
Among all, ion-exchange has been the most popular technique for rare earth doped 
waveguides in glass. Molten salt bath has been used as a source of ion-exchange for fabrication 
of glass waveguides (Ramaswamy & Srivastava, 1988). In this process usually the ion-
exchange  take place between alkali ions (mostly Na+) of the glass host and monovalent cations 
(CS+, Rb+, Li+, K+, Ag+ and Tl+) from molten salt bath. Alkali containing phosphate glasses are 
of right choice because of high solubility of rare earth ions without significant reduction in the 
emission life times. Moreover, many oxide based glasses exhibit poor chemical durability 
during ion-exchange waveguide fabrication, due to their weak structural network that results 
into damage of surfaces. Phosphate glasses are considerably stable to thermal and chemical 
induced fluctuations among other oxides. Ion exchange involves a local change in 
composition which is brought about by mass transport driven by thermal or electric field 
gradients or some combination of the two, using lithographically designed mask. Usually, the 
ion exchange process has no effect on the basic structure of glass network if it is carried out at 
temperatures well below the softening point of the glass. The ion exchange can be purely a 
thermal diffusion process, or an electric field assisted diffusion process. The refractive index 
change and diffusion depth can be controlled easily by proper choice of the exchanged ions 
and the glass compositions. Table 3 gives ion-exchange conditions for phosphate, tellurite and 
silicate glass compositions along with refractive index change and diffusion depths. The index 
profile can be tailored from shallow graded to a step like function with the assistance of 
electric field. For slightly buried waveguides, field assisted one step or two step ion exchange 
processes is often used, (Figure 6A&B) (Liu and Pun, 2007). This technique has already well-
demonstrated the capacity to form planar and channel waveguides as power splitters, 
multiplexers, optical amplifiers (EDWAs), with integrated-optical functions with great stability 
and low losses.   
The depth of the waveguide d is related the diffusion time t (time of the ion-exchange 
process) by the equation .d D t= where D is the effective diffusion coefficient which 
depends on the molten salt solution, the glass and the temperature. This kind of diffusion 
profile indicates that the mobility of the incoming alkali ion (example, Ag+) is much lower 
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than that of the original ion (example, Na+) in the glass. Furthermore, the diffusion 
coefficient shows an Arrhenius temperature dependence: 

 0 exp DED D
RT

⎡ ⎤= −⎢ ⎥⎣ ⎦
 (12) 

where D0 is a fitting constant, ED is the activation energy, T is the temperature of the bath 
and R is the universal gas constant (8.314 J/K mol). 
A  successful ion-exchange process to fabricate stable and  low-loss waveguides demands (1) 
control of host glass composition and identifying suitable processing conditions, (2) 
increased ASE cross sections with high gain flatness, (3) high refractive index and low-loss 
glass hosts with a compatibility for efficient emission, and (4) complete understanding of 
guest-host interaction in rare earth doped glass. 
 

Composition Melt composition RE T0C Time η Δη d 
µm 

D.C. 
m2/S Reference 

Phosphate 

20Na2O–(5-x-y)Al2O3–
xEr2O3– 

yYb2O3–30Nb2O5–
15TiO2–30P2O5 

97.33g NaNO3+2.67g AgNO3 

 
Er3+/ 
Er3+-

Yb3+ 

400 1h 
1.836
1.894
1.851

0.007 
0.007 
0.021 

7.50 
2.20 
7.90 

- 
Bozelli,  et al., 2010 

 
 

Phosphate 
IOG-1 

5AgNo3+95KNO3 

4.8AgNo3+89KNO3+6.2NaN
O3

Er3+-
Yb3+ 

345 
330 

35min
8min - 0.02 7.00 5.8x 10-16 

28 x10-16 Jose,  et al., 2003 

Tellurite 
25WO3-15Na2O-

60TeO2+(0.05-2Er2O3) 
2AgNo3+43KNO3+55NaNO3 Er3+ 330 90min 2.03 0.12 - 6x10-10 Conti,  et al., 2004 

12Na2O -35WO3 -
53TeO2- 1Er2O3 

1.0AgNO3 49.5NaNO3 
49.5KNO3 

Er3+ 
300 

-
360

5h 2.07 0.10 3.30 - Sakida  et al., 2007 

75TeO2-2GeO2-
10Na2O-12ZnO-

1Er2O3 
2AgNo3+49KNO3+49NaNO3 Er3+ 

250 
-

280 
3-12h 2.01 0.24 2.21 1.0x10-16 Rivera,  et al., 2006 

Silicate
73SiO2–14Na2O–
11CaO–1Al2O3–

0.4P2O5–0.6K2O mol% 
0.5AgNo3+99.5NaNO3 

Er3+-
Yb3+ - - 1.52 0.044 2.1 6x10-9 

at1.53 Righini,  et al., 2001 

MM40 
12Na2O+ZnO+MgO+

SiO2+2Er2O3 

100KNO3 for K+↔Na+ 
24AgNO3+50NaNO3+50KNO

3 for Ag+↔Na+
Er3+ 375 

280 
2h 

5min - 0.009 
0.085 

8.20 
3.40 

3.12x10-9 
12.9x10-9 

Salavcoca, et al., 
2005 

74.3SiO2–13.4Na2O–
4.4CaO–2.8Al2O3–
3.2MgO-0.5K2O-

1.4BaO 

41KNO3-59Ca(NO3)2 Pure 380 6h - 0.008 9.1 - Kosikova  et al., 1999 
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(DC,m2/s) of melt composition, temperature (oC) and  time used  for various phosphate,  
tellurite and  silicate, glass waveguides.  

5. Spectroscopic and waveguide characterization 
5.1 Prism coupling 
Prism coupling technique is widely considered as one of the effective ways to characterise 
planar optical waveguides. The totally reflecting prism coupler technique, also known as the 
m-line technique, is commonly used to determine the optical properties of thin films. The 
coupling of an incident laser beam by a prism into a planar waveguide is governed by the 
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Fig. 6. (A&B) Ion exchange field assisted annealing channel waveguide fabrication (C) 
Optical setup for femtosecond laser waveguide writing 
Among all, ion-exchange has been the most popular technique for rare earth doped 
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silicate glass compositions along with refractive index change and diffusion depths. The index 
profile can be tailored from shallow graded to a step like function with the assistance of 
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profile indicates that the mobility of the incoming alkali ion (example, Ag+) is much lower 
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than that of the original ion (example, Na+) in the glass. Furthermore, the diffusion 
coefficient shows an Arrhenius temperature dependence: 

 0 exp DED D
RT

⎡ ⎤= −⎢ ⎥⎣ ⎦
 (12) 

where D0 is a fitting constant, ED is the activation energy, T is the temperature of the bath 
and R is the universal gas constant (8.314 J/K mol). 
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glass hosts with a compatibility for efficient emission, and (4) complete understanding of 
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Composition Melt composition RE T0C Time η Δη d 
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- 
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Yb3+ - - 1.52 0.044 2.1 6x10-9 

at1.53 Righini,  et al., 2001 

MM40 
12Na2O+ZnO+MgO+

SiO2+2Er2O3 

100KNO3 for K+↔Na+ 
24AgNO3+50NaNO3+50KNO

3 for Ag+↔Na+
Er3+ 375 

280 
2h 

5min - 0.009 
0.085 

8.20 
3.40 

3.12x10-9 
12.9x10-9 

Salavcoca, et al., 
2005 

74.3SiO2–13.4Na2O–
4.4CaO–2.8Al2O3–
3.2MgO-0.5K2O-

1.4BaO 

41KNO3-59Ca(NO3)2 Pure 380 6h - 0.008 9.1 - Kosikova  et al., 1999 

 
Table 3. Ion-exchange waveguide characteristic parameters, substrate refractive index (n), 
change in refractive index (Δn), depth (d,µm) of waveguide and diffusion coefficient 
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tellurite and  silicate, glass waveguides.  

5. Spectroscopic and waveguide characterization 
5.1 Prism coupling 
Prism coupling technique is widely considered as one of the effective ways to characterise 
planar optical waveguides. The totally reflecting prism coupler technique, also known as the 
m-line technique, is commonly used to determine the optical properties of thin films. The 
coupling of an incident laser beam by a prism into a planar waveguide is governed by the 
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incident angle θ of the beam on the prism base. Under total internal reflection conditions,  
coupling of light into the waveguide would occur via resonant frustrated total reflection, i.e. 
via evanescent waves in the air layer (Figure 7A). Such coupling occurs only when resonant 
conditions inside the waveguide are met such phase matching condition. This leads to a 
finite number of discrete incidences of the light beam, for which the light can be strongly 
coupled into the waveguide and can be transmitted through the substrate. In the 
experiment, the resonant coupling of the laser beam into the waveguide is observed through 
the appearance of dark and bright lines in the reflected beam known as m-lines, Figure 7B. 
Effective index of each guided mode in a waveguide is calculated by  

 1 sinsin sin m
eff p p

p
n n n

θθ −⎛ ⎞⎛ ⎞
= +⎜ ⎟⎜ ⎟⎜ ⎟⎝ ⎠⎝ ⎠

 (13) 

here np is the prism index, θp is the angle of prism and θm is the synchronised angle. From 
the measured refractive index profile, one can estimate the information of waveguide, such 
as the depth, the change in refractive index and the number of modes coupled to the 
waveguide. The most popular method for refractive-index profiling of planar waveguides is 
the inverse Wentzel–Kramer–Brillouin (WKB) method, in which the refractive-index profile 
of a waveguide is defined uniquely by the relationship between the effective index and the 
mode order, i.e., the effective-index function (Chiang, et. al., 2000).  

5.2 Spectroscopic properties 
The relative absorption and emission cross sections at both pump and signal wavelengths 
are obtained from the absorption and emission measurements, as mentioned earlier. For 
intensity profile of the guided modes and scattering losses, light will be fed through butt-
coupling fiber coupled to a tunable laser source through the channels of edge- polished 
waveguides. The mode field profiles at the signal and pump wavelengths are obtained by 
near-field IR imaging at the waveguide output facets. The channel waveguide scattering loss 
are estimated from the Fabry–Perot resonator method (Lee, 1998) and propagation losses 
can be estimated from the conventional cutback method.  
 

 
Fig. 7. (A) Schematic representation of prism coupling, (B) photograph of m-line pattern and 
(C) m-line intensity spectra as a function of effective refractive index.   
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The small signal gain or optical gain measurements are usually performed from the typical 
experimental setup showin in Figure 8, consists of a tunable laser (signal) and a 
semiconductor laser diode (pump) as shown in Figure 8. The signal and pump lasers are 
combined by a suitable fiber WDM and coupled into the waveguides using a single mode 
fiber. At the waveguide output facet, the amplified signal will be conveniently separated 
from the pump in the second fiber WDM coupler and the eventual signal is detected using a 
detector or optical spectrum analyzer. The signal light intensities from the output of the 
waveguide with and without pump laser were measured to estimate the internal gain GINT 

(= signal light power with pump/signal light power without pump).  
The optical gain GO, relative gain GR (signal enhancement), and net gain GN of the 
waveguide amplifier are defined as 

 ( )10 Sig ( pump ON) sig ( pump OFF)10logOG P P=  (14) 

 ( )10 Sig ( pump ON) sig ( pump OFF)10log ( )R ASEG P P P= −  (15) 

 GN = GR-coupling losses-waveguide losses-RE3+ absorption losses (16) 

 
 

 
 
Fig. 8. Experimental setup for Er doped waveguide optical gain measurements 

In order to obtain the net gain, it is reasonable to use the following three approaches for a 
practical waveguide amplifier. The first one is to decrease the waveguide loss by improving 
the waveguide quality; the second is to increase the coupling efficiency; and the third one is 
to enhance the pump power, or improve mode confinement in the guide at both pump and 
signal wavelengths. 

6. Conclusion  
A brief review of rare earth-doped glass waveguides and their potential application as 
optical amplifiers is presented. Significance of spectral information, glass composition and 
rareearth (RE) ion-glass host interaction for engineering waveguide devices, which can 
potentially useful to design waveguide devices and/or fully integrated photonic structures 
is discussed. Further, a brief review on fabrication strategies related to waveguides and the 
influence of the glass composition and other conditions are also presented. Glass-based 
waveguides thus offer excellent flexibility in fabricating multi-functional optoelectronic 
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finite number of discrete incidences of the light beam, for which the light can be strongly 
coupled into the waveguide and can be transmitted through the substrate. In the 
experiment, the resonant coupling of the laser beam into the waveguide is observed through 
the appearance of dark and bright lines in the reflected beam known as m-lines, Figure 7B. 
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of a waveguide is defined uniquely by the relationship between the effective index and the 
mode order, i.e., the effective-index function (Chiang, et. al., 2000).  

5.2 Spectroscopic properties 
The relative absorption and emission cross sections at both pump and signal wavelengths 
are obtained from the absorption and emission measurements, as mentioned earlier. For 
intensity profile of the guided modes and scattering losses, light will be fed through butt-
coupling fiber coupled to a tunable laser source through the channels of edge- polished 
waveguides. The mode field profiles at the signal and pump wavelengths are obtained by 
near-field IR imaging at the waveguide output facets. The channel waveguide scattering loss 
are estimated from the Fabry–Perot resonator method (Lee, 1998) and propagation losses 
can be estimated from the conventional cutback method.  
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The small signal gain or optical gain measurements are usually performed from the typical 
experimental setup showin in Figure 8, consists of a tunable laser (signal) and a 
semiconductor laser diode (pump) as shown in Figure 8. The signal and pump lasers are 
combined by a suitable fiber WDM and coupled into the waveguides using a single mode 
fiber. At the waveguide output facet, the amplified signal will be conveniently separated 
from the pump in the second fiber WDM coupler and the eventual signal is detected using a 
detector or optical spectrum analyzer. The signal light intensities from the output of the 
waveguide with and without pump laser were measured to estimate the internal gain GINT 

(= signal light power with pump/signal light power without pump).  
The optical gain GO, relative gain GR (signal enhancement), and net gain GN of the 
waveguide amplifier are defined as 

 ( )10 Sig ( pump ON) sig ( pump OFF)10logOG P P=  (14) 
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Fig. 8. Experimental setup for Er doped waveguide optical gain measurements 

In order to obtain the net gain, it is reasonable to use the following three approaches for a 
practical waveguide amplifier. The first one is to decrease the waveguide loss by improving 
the waveguide quality; the second is to increase the coupling efficiency; and the third one is 
to enhance the pump power, or improve mode confinement in the guide at both pump and 
signal wavelengths. 

6. Conclusion  
A brief review of rare earth-doped glass waveguides and their potential application as 
optical amplifiers is presented. Significance of spectral information, glass composition and 
rareearth (RE) ion-glass host interaction for engineering waveguide devices, which can 
potentially useful to design waveguide devices and/or fully integrated photonic structures 
is discussed. Further, a brief review on fabrication strategies related to waveguides and the 
influence of the glass composition and other conditions are also presented. Glass-based 
waveguides thus offer excellent flexibility in fabricating multi-functional optoelectronic 
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devices using cost-effective technologies, having adequate knowledge of glass and rare 
earth properties.  
Table 4 gives the optical gain parameters of various phosphate, tellurite and silicate glass 
waveguides fabricated from different fabrication methods, ion-exchange (IE), ion exchange 
filed assisted annealing (IE FAA) and femtosecond laser writing (FSLW). Optical gain 
parameters includes the coupling losses (CL, dB/facet), propagation losses (αp, dB), 
absorption losses (αa, dB), insertion losses (IL, dB), internal gain (GINT, dB), relative gain (GR, 
dB) and net gain (GN, dB/cm).  
 

Method of 
fabrication 

Channel 
aperture , laser 
specification 

Length 
cm RE 

CL 
dB/fac

et 

αp 
dB/cm 

αa 
dB 

IL 
dB 

GINT 
dB 

GR 
dB 

GN 
dB/c
m  

Gain 
range 
(nm) 

Reference 

Phosphate 

IE,FAA 6µm 1.24 
2.72 Er3+-Yb3+ 2.20 

2.20 
2.27 
2.22 

5.70 
28.00 - - 

- 7.0 - 1520-
1580 

Zhang et al., 
2006 

IE 4-12 µm 3.80 Er3+-Yb3+ - 0.33 - 3.60 - - 3.65 - Liang et al.,2005 

IE 4-10µm 1.50 Er3+-Yb3+ - 0.80 - - - - 3.30 - Wong et al., 
2002 

IE, FAA 6 µm 4.00 Er3+-Yb3+ 0.25 0.30 - 12.2 - - 2.00 1530-
1560 Liu. et al, 2007 

IE, FAA 6,8 µm 1.20 Er3+-Yb3+ 0.32 0.30 5.40 - - - 3.40 - Liu,  et al., 2004 

FSLW 
150fs,500µJ, 
1kHz, 270nJ, 
885kHz 

2.5 
2.2 

Er3+-Yb3+ 
 

2.4 
0.1 

0.28 
0.4 

- 5.5 
1.2 

1.4 
7 

- - 
2.72 

- 
1530-
1565 

Osellame et al., 
2008 

FSLW 
22MHz,350fs, 

1µJ 3.70 Er3+-Yb3+ 0.25 0.40 - 1.90 - - 1.97 
1530-
1580 

Valle,  et al., 
2005 

FSLW 166kHz,300fs, 
270nJ 

2.00 Er3+-Yb3+ 0.25 0.80 - 2.10 4.4 - 1.15 1530-
1550 

Taccheo,  et al., 
2004 

Tellurite 

FSLW 600kHz,350fs, 
1.3µJ 

2.50 Er3+ 0.50 1.35 2.08 4.40 1.25 - - 1530-
1610 

Fernandez,  et 
al., 2008 

IE 3µm thick 5.00 Er3+ - 8.00 - - - - - - Sakida,  et al., 
2006 

Silicate 

IE 7-13µm 3.50 Er3+-Yb3+ - 8.00 - 2.50 - - - Righini,  et al., 
2001 

IE 3µm 3.00 - 0.76 0.50 - 2.99 - - - - He,  et al., 2008 

IE 3µm 1.80 Er3+-Yb3+ 0.36 0.25 - - - - - - 
Peters,  et al., 

1999 

FSLW 1kHz,100fs, 
1-90µJ 

1.00 Er3+ 0.70 0.90 5.5 2.30 - - - Vishnubhatla,  et 
al., 2009 

FSLW 600kHz,350fs, 
40-150nJ 1.00 Er3+-Yb3+ 0.40 0.34 4.34 5.56 1.93 6.1 0.72 1535-

1555 
Psaila,  et al., 

2007 

FSLW 5kHz,130fs, 
0.3µJ 1.00 Er3+ 1.20 1.00 6.90 11.2 1.70 8.6 - - Thomsom,  et 

al., 2006 

FSLW 
5kHz,250fs, 

0.9µJ 1.90 Er3+ 0.80 1.68   
 
 2.7  - 

Thomson,  et al., 
2005  

Table 4. Various optical gain parameters of Phosphate, tellurite, Silicate glass waveguides 
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devices using cost-effective technologies, having adequate knowledge of glass and rare 
earth properties.  
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dB) and net gain (GN, dB/cm).  
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1555 
Psaila,  et al., 

2007 

FSLW 5kHz,130fs, 
0.3µJ 1.00 Er3+ 1.20 1.00 6.90 11.2 1.70 8.6 - - Thomsom,  et 

al., 2006 

FSLW 
5kHz,250fs, 

0.9µJ 1.90 Er3+ 0.80 1.68   
 
 2.7  - 

Thomson,  et al., 
2005  

Table 4. Various optical gain parameters of Phosphate, tellurite, Silicate glass waveguides 
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1. Introduction 
Tunable lasers are currently used in a wide range of applications such as wavelength-
division-multiplexing networks, optical sensors, spectroscopy, wavelength protection, ber-
optic gyroscope, and testing of optical components and instruments. In particular, tunable 
fiber lasers, which employ optical fiber cavity and wave-guided gain medium, have recently 
attracted great interest owing to several intrinsic advantages over traditional lasers, namely: 
(i) easy manufacture without the need of clean rooms and expensive device packaging; (ii) 
mechanical flexibility and the ability to withstand bending, thus opening the way for 
numerous applications in biotechnologies and medical instrumentation; (iii) broadband gain 
spectrum and high energy efficiency, which are very important features for tunable high-
power lasers; (iv) high laser beam quality, ensuring their wide potential applications in 
material processing, printing, marking, cutting and drilling; (v) robustness, because all 
optical signals are guided within optical fibres, thus eliminating the need for optical 
alignment; and (vi) narrow line width which is essential for many applications and hard to 
achieve for their current counterparts. Benefiting greatly from recent developments in fibre 
communications, fibre lasers are offering a low-cost alternative to the traditional 
semiconductor or gain dielectric counterparts.  
The key features required for tunable fiber lasers include a large number of channels, high--
output power, stable operation in power and wavelength, and tuning operation over a wide 
wavelength range with application-specific wavelength spacing. However, the current fibre 
lasers, especially multiwavelength fiber lasers, suffer from limited tunability and flexibility, 
poor stability, and narrow operation ranges.  
Two main aspects related to the development of tunable single/multiwavelength fibre 
lasers are currently under intensive investigation; namely, the wavelength selection (or 
tuning) mechanism, and the used gain media. While these investigations have resulted in 
significant progress towards the development of commercially viable products each of the 
current approaches have particular limitations.  
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wavelength range with application-specific wavelength spacing. However, the current fibre 
lasers, especially multiwavelength fiber lasers, suffer from limited tunability and flexibility, 
poor stability, and narrow operation ranges.  
Two main aspects related to the development of tunable single/multiwavelength fibre 
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tuning) mechanism, and the used gain media. While these investigations have resulted in 
significant progress towards the development of commercially viable products each of the 
current approaches have particular limitations.  
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In this Chapter, we discuss the use of Opto-VLSI processors for the development of tunable 
fiber lasers. Section 2 briefly reviews the recent progress in tuning mechanism for single and 
multiple wavelength tuning. Section 3 discusses different approaches for implementing the 
gain media of fiber lasers. In Section 4 a brief background on Opto-VLSI processors is 
provided. Single-wavelength, multi-wavelength and multiport tunable fiber lasers 
employing Opto-VLSI processors are presented in Sections 5, 6 and 7, respectively. We 
conclude this chapter in Section 8. 

2. Tuning mechanism 
2.1 Single-wavelength tuning 
The tunable single-wavelength ber laser is relatively mature compared to its 
multiwavelength countparts. However, due to its long cavity, which is able to give narrow 
linewidths, a fiber laser oscillates on multiple longitudinal modes (A. Bellemare et al., 2001). 
Mode discrimination by the gain medium is not strong enough to restrict the oscillation to a 
single longitudinal mode, despite the fact that homogeneous broadening is known to 
dominate in gain media, such as erbium-doped fibers, at room temperature. Therefore, one 
or more spectrally discriminating elements or very short cavities should be employed to 
limit the number of modes over which the laser may effectively oscillate. Nevertheless, this 
does not ensure the oscillation of one longitudinal mode (Park et al., 1991).  
To suppress multimode lasing as well as mode hopping, technologies including the use of 
cascaded bandpass filters (one narrow and one broad) (Park et al., 1991; Chow et al., 2002) and 
a passive multiple-ring cavity (C. C. Lee et al., 1998) have commonly been used. More 
importantly, an unpumped Er3+-doped fiber has been incorporated in a long Fabry–Perot laser 
cavity as a saturable absorber to establish linewidth narrowing and single-mode operation 
(Cheng et al., 1995). In addition, the beat-noise of ber ring lasers, which is primarily in the 
low-frequency region of about 10 MHz due to the long ring cavity length, has successfully 
been suppressed by inserting a Fabry–Pérot laser diode (FP-LD). (H. L. Liu et al., 2006). 
Several single-wavelength tuning mechanisms have been intensively investigated. Some 
early works on single-wavelength tuning have been demonstrated using intracavity 
elements such as gratings or birefringent plates, whose orientation can be changed 
mechanically. In order to switch the wavelength electrically, the use of bulk electro-optic 
intracavity tuners, such as liquid crystal cells, has been reported (MOLLIER et al., 1995), 
where the tuning range of the device was 17 nm and the tuning rate was 8 nm/V.  
A tunable single-longitudinal-mode compound-ring Er3+-doped fiber laser has been 
demonstrated (J. L. Zhang et al., 1996; C. C. Lee et al., 1998), where the laser is fundamentally 
structured on an all-fiber compound-ring resonator in which a dual-coupler fiber ring is 
inserted into the main cavity. When combined in tandem with a mode-restricting intracavity 
tunable bandpass filter, the compound-ring resonator ensures single-longitudinal-mode 
laser oscillation. The laser can be tuned over much of its 1525 to 1570 nm wavelength tuning 
range with the short-term linewidth of less than 5 kHz.   
Acousto-optic tunable filters (AOTFs) have recently been used as a wavelength selector 
because of their broad tuning ranges, narrow bandwidths, simple tuning mechanisms, and 
low drive power requirements (Chang et al., 2001; Kang et al., 2006). A single-frequency 
tunable ber ring laser incorporating an all-ber acousto-optic tunable bandpass lters 
(AOTBFs) has been characterized in detail and the impact of the AOTBF characteristics on 
the laser performance has also been examined (Kang et al., 2006). The AOTBF consists of an 
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all-single-mode-ber acousto-optic tunable lter and a core-mode blocker in the center of 
the acousto-optic interaction region. Stable single-longitudinal-mode operation has been 
achieved over the wavelength range of 48 nm with a side mode suppression ratio higher 
than 50 dB. 
The use of tunable ber Bragg gratings (FBGs) is a simple approach to realize single-
wavelength tuning  (Song et al., 2001). Recently, a tunable fiber laser based on a tunable 
phase-shifted linearly chirped FBG (PS-LCFBG) in transmission with ultra-narrow 
bandwidth of 1.52 kHz has been demonstrated (Li et al., 2008). By thermally tuning the 
transmissive PS-LCFBG, a tuning range of 15.5 nm was obtained. A tunable L-band ber 
laser based on a mechanically induced LPFG into the EDF ring has been demonstrated 
(Sakata et al., 2009). Wavelength tuning was achieved by adjusting the grating period to shift 
the rejection band against the ASE spectrum of the ring cavity. Although thermal effects on 
the laser were controlled, this technique suffers from the environmental disturbances.  
Tunable fiber Fabry–Perot filters have widely been utilized as tuning elements in tunable 
lasers (X. Y. Dong et al., 2003; Zheng et al., 2006; Chien et al., 2005b; Chien et al., 2005a; Fu et 
al., 2009). A ber laser utilizing a tunable ber Fabry–Perot lter as the tuning element has 
been demonstrated, which had a moderate milli-Watt level power output over almost the 
whole tuning range from 1530 to 1595 nm with power uctuations less than 0.15 dB (Fu et 
al., 2009). High repetition scanning rate of laser operation over the whole tuning range was 
achieved at rates of up to 200Hz. The limited tuning range of this tunable filter could be 
extended by incorporating another tunable passband filter. A tunable narrow-bandpass 
fiber Fabry-Perot (FFP) filter with a bandwidth of 0.2 nm and free spectral range (FSR) of 28 
nm combined with six bandpass filters (BPFs) of 20 nm bandwidth has been used as a wide 
tuning component (X. Y. Dong et al., 2003). Only one of the BPFs was turned on at a time. 
Since the bandwidth of each BPF was less than the FFP’s 28-nm FSR, continuous wavelength 
tuning was obtained within a 20 nm range by changing the voltage applied to the 
piezoelectric transducer of the FFP, thus attaining a total tuning range of 120 nm. 
Based on the use of a narrow-band tunable microelectromechanical system (MEMS) lter, a 
wide-band short-cavity length tunable ber ring laser that can be tuned at high speed from 
1520 to 1626 nm has been reported (H. L. Liu et al., 2005a). The optical bandwidth of the 
MEMS was about 20 pm (2.5 GHz) tuned over 120 nm, from 1630 to 1510 nm by varying the 
input voltage from 10 to 32 V, respectively. The MEMS lter also exhibited very high 
scanning speed (greater than 100 000 nm/s). The insertion loss of the MEMS lter at the 
peak of the passband was less than 1.5 dB, and the out-of-band reection from both ends of 
the MEMS lter was as high as 95%.  
Lyot filters, which are a type of optical filter that uses birefringence to produce a narrow 
passband of transmitted wavelengths, have also been used to widely tunable fiber lasers 
(Zhou et al., 1998; Xu et al., 2002). The semiconductor ber ring laser utilized the 
birefringence of optical bers, especially PM ber, together with the polarization controller, 
rotating linear polarizer and SOA, to form polarization-dependent loss and gain 
mechanisms. For this filter, different wavelengths arrive at the linear polarizer and SOA 
with different polarization states due to birefringent chromatic dispersion in the cavity, 
hence, different wavelengths have different losses due to the polarization dependent loss 
through the linear polarizer. A wavelength with its electrical eld vector lined up with the 
linear polarizer experiences the least loss. The combination of a polarization controller and 
linear polarizer thus provided a wavelength selection mechanism to generate a tunable laser 
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output. In addition, as the gains of the SOA are different for transverse electrical (TE) elds 
and transverse magnetic (TM) elds, 3-dB gain difference between TE and TM polarizations 
were experienced in addition to gain differences due to the SOA spectrum itself. This also 
provided gain discrimination due to the fact that different wavelengths have different input 
polarization states at the SOA. Therefore, the combination of the intracavity polarization 
controller, the polarizer, and the SOA served as wavelength selection mechanisms. Thus, the 
lasing wavelength is the light wave that repeats its state of polarization in front of both the 
polarizer and the SOA after one round-trip and whose polarization state lines up with the 
linear polarizer and TE or TM direction within the SOA whichever has a higher gain.  

2.1 Multi-wavelength tuning 
Multiwavelength tuning is much more complex compared to single wavelength tuning, and 
recently it has attracted equal attention from all over the academic society. Several versatile 
techniques to realize multi-wavelength tuning have been proposed and demonstrated. A 
spatial mode beating filter has been reported, which can tune a multiwavelength fiber laser  
by simply incorporating a section of multimode optical fiber into a single-mode fiber  ring  
cavity (Poustie et al., 1994). This combination of two fiber types results in wavelength-
dependent filtering action inside the laser cavity arising from the spatial mode beating 
between the LP01 and LP11 modes in the  multimode fiber. The multiwavelength fiber laser 
can be tuned by controlling the polarization controller in the fiber loop.   
Tunable FBGs are still the commonly-used technology for multiwavelenth tuning (Han et al., 
2007; Liaw et al., 2007; Alvarez-Chavez et al., 2007; Moon et al., 2005). A spacing-tunable 
multiwavelength Raman fiber laser with an independently-adjustable channel number, 
based on a superimposed chirped-fiber Bragg grating (CFBG) and a linear cavity formed by 
a bandwidth-tunable CFBG reflector, has been demonstrated (X. Y. Dong et al., 2006). 
Multiwavelength laser operations at room temperature with spacing of 0.3 to 0.6 nm, and 
channel number of 2 to 10 have been achieved. 
Recently a tunable multiwavelength fiber laser based on an all-fiber FP filter which is 
constructed by a superimposed CFBG has been demonstrated (Han et al., 2007). The FP filter 
is capable of continuous FSR tenability, through incorporating a specially designed 
apparatus for induction of the sophisticated bending along the grating. The proposed 
technique is based on the symmetrical modification of the chirp ratio along the fiber grating 
attached on a flexible cantilever beam. The FSR of the all-fiber FP filter could be 
continuously tuned from 0.21 to 0.81 nm with neglect center wavelength shift.  
A fiber loop mirror incorporating a piece of polarization maintaining fiber (PMF) has 
attracted much attention as an optical comb filter due to its intrinsic advantages such as easy 
fabrication, stability and flexibility (Z. X. Zhang et al., 2009). The PMF-based fiber loop 
mirror filters can provide various functionalities like both the peak wavelength tunability 
and FSR tunability, which can be controlled by adjusting the effective length and 
birefringence of multiple PMF segments depending on the relative phase difference between 
two orthogonal polarization modes within the loop (Kim et al., 2003; Z. Y. Liu et al., 2008). 
The comb filter can also be tuned by changing the operating temperature or by applying 
axial strain to the PMF (Moon et al., 2007). Besides these, an active device such as a phase 
modulator (Fok et al., 2005) or SOA (K. L. Lee et al., 2004) is also inserted in the fiber loop 
mirror to tailor the effective birefringence of the loop, enabling continuous shift of the 
transmission comb spectrum.  
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Unlike the use of passive single-mode PMFs into the Sagnac loop, a tunable transmission 
comb filter based on a pumped erbium-ytterbium co-doped polarization maintaining fiber 
(EYD-PMF) loop mirror has been recently demonstrated (G. Y. Sun et al., 2008). The effective 
birefringence of the EYD-PMF depends on the power of pump lasers and the polarization 
state of the traversing signal. Therefore, the comb filter can be tuned by changing the pump 
power or adjusting a PC adjacent to the EYD-PMF in the loop.  
Mach-Zehnder interferometers also offer a tuning mechanism for tunable fiber lasers (H. 
Dong et al., 2005a). However, they usually suffer from performance instability and difficulty 
in free spectral range (FSR) control. A multi-wavelength fiber ring laser of tunable channel 
spacing has been proposed by employing an optical variable delay line (OVDL) in a Mach-
Zehnder interferometer (D. R. Chen et al., 2007). The channel spacing of the present multi-
wavelength fiber ring laser can be continuously tuned by adjusting the computer-controlled 
OVDL. Multi-wavelength lasing with standard ITU channel spacing of 25 GHz, 50 GHz and 
100 GHz has been demonstrated. Also, a tunable and switchable multiwavelength erbium-
doped ber ring laser based on a modied dual-pass Mach–Zehnder interferometer has 
been reported (Luo et al., 2009). Through polarization control, the dual-function operation of 
the channel-spacing tunability and the wavelength interleaving can be achieved. Up to 29 
stable lasing lines with 0.4 nm spacing and 14 lasing wavelengths with 0.8 nm spacing in 3 
dB bandwidth were obtained. 
Wavelength tunability can also be obtained through the use of a thin film tunable filter 
(Ummy et al., 2009). A widely tunable (30 nm) fiber laser based on two Sagnac loop mirrors 
and a tunable thin film filter has been demonstrated, where optical power adjustability is 
accomplished by proper adjustment of each of the loop mirror reflectivity via a polarization 
controller. 

3. Gain medium 
3.1 Single gain medium 
Many gain media are suitable for single-wavelength lasing in a fiber cavity, including 
erbium-doped fiber amplifiers (EDFA) (Antoine Bellemare, 2003), semiconductor optical 
amplifiers (SOA) (Ummy et al., 2009), and hybrid gain media (Yeh&Chi, 2005). SOA-based 
ber ring lasers have limited optical signal-to-noise ratio (OSNR), while EDFAs are ideal for 
single-wavelength tunable fiber ring lasers. 
Erbium-doped ber lasers (EDFLs) have extensively been studied as a very promising 
solution because EDF offers several advantages over the other gain media, such as high 
conversion efficiency, low threshold, homogeneous gain property thus high OSNR, narrow 
linewidth, coverage of the entire (C L)-band, ease of construction, and low cost (X. Y. Dong 
et al., 2005b; A. Bellemare et al., 2001; Roy et al., 2005). Both theoretical and experimental 
investigations on how the laser performances are affected by the various parameters in the 
lasing cavity, such as the intracavity loss, erbium ion clustering, output coupling ratio (or 
reectivity of output coupler), and active ber length, have been carried out based on 
different theoretical models. 
Meanwhile, some improved gain media based on EDF have also been investigated. A ring 
laser with 106-nm tuning range has been demonstrated based on a La-codoped Bi-EDF with 
about 84.6 cm long and doped with very high concentration of erbium ions (H. L. Liu et al., 
2005a). The erbium concentration in the Bi-EDF is 6470 wt-ppm and the La concentration is 
4.4% wt. The peak absorption of the Bi-EDF at 1480 and 1530 nm are 167 and 267 dB/m, 
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constructed by a superimposed CFBG has been demonstrated (Han et al., 2007). The FP filter 
is capable of continuous FSR tenability, through incorporating a specially designed 
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technique is based on the symmetrical modification of the chirp ratio along the fiber grating 
attached on a flexible cantilever beam. The FSR of the all-fiber FP filter could be 
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attracted much attention as an optical comb filter due to its intrinsic advantages such as easy 
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modulator (Fok et al., 2005) or SOA (K. L. Lee et al., 2004) is also inserted in the fiber loop 
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respectively.  The La ions extend the distance between Er ions and reduce the concentration 
quenching signicantly. More recently, a Bi2O3-based erbium-doped ber (BIEDF) ring 
laser with a 134 nm tunable range has been reported with only 0.2m of BIEDF as a gain 
media (Ohara&Sugimoto, 2008). The tunable range varies depending on both pump power 
and BIEDF lengths, and a high optical signal-to-noise ratio of over 70 dB for a 120 nm 
tunable range has been obtained.  
A GeO-doped high-power and widely tunable all-ber Raman laser using a linear cavity 
conguration has been demonstrated (Belanger et al., 2008). The RFL was continuously 
tuned over 60 nm, from 1075 to 1135 nm and provided up to 5 W of Stokes output power for 
6.5 W of launched pump power (LPP). 

3.2 Multiple gain medium 
Different gain mechanisms and media have been used to develop multiwavelength lasers, 
such as EDFAs (A. Bellemare et al., 2000; X. M. Liu et al., 2005b), SOAs (Pleros et al., 2002), 
and schemes based on stimulated Raman scattering (SRS) gain (Kim et al., 2003) and 
stimulated Brillouin scattering (SBS) gain (Nasir et al., 2009). In addition, hybrid gain 
mechanisms using a combination of the above mechanisms have also been used (Han et al., 
2005).  
The homogeneous linewidth broadening of the EDF medium limits the narrowest 
wavelength spacing between adjacent lasing wavelengths to a few nanometers (A. 
Bellemare et al., 2000). To overcome this limit, various schemes such as cryogenic cooling 
(Yamashita&Hotate, 1996), frequency shifting (A. Bellemare et al., 2000), careful gain 
equalization, spatial-spectral multiplexing, polarization anisotropic gain effects (Das&Lit, 
2002), polarization-hole burning (J. Q. Sun et al., 2000; Qian et al., 2008), and intracavity four-
wave mixing in nonlinear bers (Tran et al., 2008; Han et al., 2006), have been used, adding 
more complexity (and therefore, cost) to these multiwavelength tunable lasers. 
A nonlinear optical loop mirror (NOLM) based on a highly nonlinear dispersion shifted 
fiber has been implemented in the ring laser cavity to stabilize the multiwavelength output 
at room temperature (Tran et al., 2008; Han et al., 2006). Since the energy transfer from the 
higher-power waves to the lower-power waves is induced by several degenerate four-wave 
mixing (FWM) processes, the mode competition of the EDF is degraded. Consequently, the 
homogeneous line broadening of the EDF can dynamically be suppressed, leading to a 
stable multiwavelength output at room temperature. The FWM effects induced by the 
highly-nonlinear DSF introduce a dynamic gain flattening, so that the mode competition is 
suppressed effectively. The lasing wavelengths can be switched individually by two PCs 
because the nonlinear polarization phenomenon based on the NOLM induces the 
polarization-dependence loss and the birefringence-induced wavelength-dependent loss in 
the laser ring cavity, which can determine the total loss of the laser ring cavity. 
Stable multiwavelength lasing has been achieved at room temperature with the hybrid gains 
of a Raman gain medium and an Erbium-doped fiber in a ring structure (D. R. Chen et al., 
2007). The multi-wavelength fiber laser employing Raman and EDF gains increases the 
lasing bandwidth compared with a pure EDF laser and the power conversion efficiency 
compared with a pure fiber Raman laser. No special fibers are needed in this proposed fiber 
laser structure. 
SOA-based multiwavelength ber lasers have more advantages over multiwavelength lasers 
with erbium-doped ber ampliers (H. X. Chen, 2005). This is because the SOA has a 
dominant property of inhomogeneous broadening and can support many wavelength lasing 
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oscillations simultaneously in the laser cavity, allowing narrower spacing for 
multiwavelength lasing operation (Qian et al., 2008).  A mechanism of multiwavelength 
generation based on nonlinear polarization rotation in an SOA has been reported (Z. X. 
Zhang et al., 2009; Z. X. Zhang et al., 2008). The arbitrarily polarized light incident to the 
SOA can be decomposed as the transverse electric (TE) and transverse magnetic (TM) 
modes. The modes propagate independently through the SOA, but they have indirect 
interaction via the carriers. The gain saturation of the TE mode differs from the gain 
saturation of the TM mode. Hence, the refractive index change of the TE mode also differs 
from the refractive index change of the TM mode. A phase difference between the two 
modes builds up as the light propagates through the SOA. A polarization controller (PC) is 
used to adjust the polarization of the input signal to the SOA so that the phase difference 
between the modes can be varied. At the following polarization-dependent isolator (PDI), 
both modes recombine. Another PC is used to adjust the polarization of the SOA output 
with respect to the orientation of the PDI. The phase difference and the orientation of the 
two PCs determine the intensity-dependent switch of the combiner. If the polarizations of 
the two PCs are set appropriately, the transmission of the combined light decreases when 
the input intensity to the SOA increases, thus suppressing the mode competition for 
multiwavelength generation. 

4. Opto-VLSI processor 
Because the limitations of the available underlying tuning mechanisms, current tunable 
multiwavelength lasers have very poor performances in tunability (can only shift all the 
wavelength channels over a very narrow wavelength range), flexibility (cannot 
independently control each wavelength channel), and operation ranges (limited to a single 
wavelengthrange). Furthermore, the flexibility limitation of conventional wavelength 
selection mechanisms has prevented researchers from fully understanding the mechanism 
of multiwavelength lasing in fibre lasers. As a result multiwavelength lasers tend to suffer 
from poor output power and wavelength stability. Therefore, both the wavelength selection 
(or tuning) mechanism and the mechanism of multiwavelength lasing are still in intensive 
investigation.  
Advanced Opto-VLSI technology can be incorporated into a novel tuning approach, for the 
first time ever, to remove all previous disadvantages, thus simultaneously allowing (i) 
independent tuning of each wavelength channel, (ii) arbitrary control of the power level for 
each wavelength channel, (iii) the addition and removal of any lasing wavelength without 
affecting the power levels of other lasing wavelengths, and (iv) the generation of 
wavelength channels over various operation ranges, where each range may have output at 
several bands, all achieving (v) sufficient maximum continuous wave power output per 
channel (>+10dBm), (vi) sufficiently conserved linewidth (i.e. comparable to performance by 
Agilent of less than +/0.001nm at 1550 nm), (vii) minimal power fluctuations (i.e. ideally 
0.01dB over 12 hours). These unique features are far superior to all tuning mechanisms 
reported in the literature to date, opening an excellent opportunity to develop a novel 
practical approach to multiwavelength lasing using Opto-VLSI processors. 
A reconfigurable Opto-VLSI processor comprises an array of liquid crystal (LC) cells driven 
by a Very-Large-Scale-Integrated (VLSI) circuit that generates digital holographic diffraction 
gratings to steer and/or shape optical beams.  
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(or tuning) mechanism and the mechanism of multiwavelength lasing are still in intensive 
investigation.  
Advanced Opto-VLSI technology can be incorporated into a novel tuning approach, for the 
first time ever, to remove all previous disadvantages, thus simultaneously allowing (i) 
independent tuning of each wavelength channel, (ii) arbitrary control of the power level for 
each wavelength channel, (iii) the addition and removal of any lasing wavelength without 
affecting the power levels of other lasing wavelengths, and (iv) the generation of 
wavelength channels over various operation ranges, where each range may have output at 
several bands, all achieving (v) sufficient maximum continuous wave power output per 
channel (>+10dBm), (vi) sufficiently conserved linewidth (i.e. comparable to performance by 
Agilent of less than +/0.001nm at 1550 nm), (vii) minimal power fluctuations (i.e. ideally 
0.01dB over 12 hours). These unique features are far superior to all tuning mechanisms 
reported in the literature to date, opening an excellent opportunity to develop a novel 
practical approach to multiwavelength lasing using Opto-VLSI processors. 
A reconfigurable Opto-VLSI processor comprises an array of liquid crystal (LC) cells driven 
by a Very-Large-Scale-Integrated (VLSI) circuit that generates digital holographic diffraction 
gratings to steer and/or shape optical beams.  
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Fig. 1. Typical 8-phase Opto-VLSI processor and LC cell structure design. 

Each pixel is assigned a few memory elements that store a digital value, and a multiplexer 
that selects one of the input voltages and applies it to the aluminium mirror plate. Opto-
VLSI processors are electronically controlled, software-configured, polarization 
independent, cost effective because of the high-volume manufacturing capability of VLSI 
chips as well as the capability of controlling multiple fiber ports in one compact Opto-VLSI 
module, and very reliable since beam steering is achieved with no mechanically moving 
parts. Figure 1 shows a typical layout and a cell design of an 8-phase Opto-VLSI processor. 
Indium-Tin Oxide (ITO) is used as the transparent electrode, and evaporated aluminium is 
used as the reflective electrode. The ITO layer is generally grounded and a voltage is 
applied at the reflective electrode by the VLSI circuit below the LC layer.  
Figure 2 illustrates the steering capability of Opto-VLSI processors. For a small incidence 
angle, the maximum steering angle of the Opto-VLSI processor is given by 

 max M d
λθ =
⋅

 (1) 

where M is the number of phase levels, d is the pixel size, and λ is the wavelength. For 
example, a 4-phase Opto-VLSI processor having a pixel size of 5 microns can steer a 1550 nm 
laser beam by a maximum angle of around ±4°. The maximum diffraction efficiency of an 
Opto-VLSI processor depends on the number of discrete phase levels that the VLSI can 
accommodate. The theoretical maximum diffraction efficiency is given by (Dammann, 1979) 

 2sinc n
M
πη ⎛ ⎞= ⎜ ⎟

⎝ ⎠
 (2) 

Tunable Fibre Lasers Based on Optical Amplifiers and an Opto-VLSI Processor   

 

309 

where 1n gM= +  is the diffraction order ( 1n = is the desired order), and g  is an integer. 
Thus an Opto-VLSI processor with binary phase levels can have a maximum diffraction 
efficiency of 40.5%, while a four phase levels allow for efficiency up to 81%. The higher 
diffraction orders (which correspond to the cases g ≠ 0) are usually unwanted crosstalk 
signals, which must be attenuated or properly routed outside the output ports to maintain a 
high signal-to-crosstalk performance. 
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Fig. 2. Steering and multicasting capabilities of an Opto-VLSI processor. 
Adaptive optical beam steering can be achieved by reconfiguring the phase hologram 
uploaded onto the Opto-VLSI processor. Recent advances in low-switching-voltage nematic 
LC materials and Layer thickness control have allowed the incorporation of a thin quarter-
wave-plate (QWP) layer between the LC and the aluminium mirror to accomplish 
polarization-insensitive multi-phase-level Opto-VLSI processors [25], as shown in Fig. 1. In 
addition, with current 130nm VLSI fabrication processes, VLSI chips featuring 24mm×24mm 
active area, maximum switching voltage of 3.0 volts, and pixel size of 5 microns, can be 
realised. Depositing low-switching-voltage electro-optic materials and QWP over such VLSI 
chips, can realize a polarization-insensitive Opto-VLSI processor that has a diffraction 
efficiency of 87% (0.6 dB loss) and a maximum steering angle of more than ±4.0°. 
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Fig. 1. Typical 8-phase Opto-VLSI processor and LC cell structure design. 

Each pixel is assigned a few memory elements that store a digital value, and a multiplexer 
that selects one of the input voltages and applies it to the aluminium mirror plate. Opto-
VLSI processors are electronically controlled, software-configured, polarization 
independent, cost effective because of the high-volume manufacturing capability of VLSI 
chips as well as the capability of controlling multiple fiber ports in one compact Opto-VLSI 
module, and very reliable since beam steering is achieved with no mechanically moving 
parts. Figure 1 shows a typical layout and a cell design of an 8-phase Opto-VLSI processor. 
Indium-Tin Oxide (ITO) is used as the transparent electrode, and evaporated aluminium is 
used as the reflective electrode. The ITO layer is generally grounded and a voltage is 
applied at the reflective electrode by the VLSI circuit below the LC layer.  
Figure 2 illustrates the steering capability of Opto-VLSI processors. For a small incidence 
angle, the maximum steering angle of the Opto-VLSI processor is given by 
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where M is the number of phase levels, d is the pixel size, and λ is the wavelength. For 
example, a 4-phase Opto-VLSI processor having a pixel size of 5 microns can steer a 1550 nm 
laser beam by a maximum angle of around ±4°. The maximum diffraction efficiency of an 
Opto-VLSI processor depends on the number of discrete phase levels that the VLSI can 
accommodate. The theoretical maximum diffraction efficiency is given by (Dammann, 1979) 
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where 1n gM= +  is the diffraction order ( 1n = is the desired order), and g  is an integer. 
Thus an Opto-VLSI processor with binary phase levels can have a maximum diffraction 
efficiency of 40.5%, while a four phase levels allow for efficiency up to 81%. The higher 
diffraction orders (which correspond to the cases g ≠ 0) are usually unwanted crosstalk 
signals, which must be attenuated or properly routed outside the output ports to maintain a 
high signal-to-crosstalk performance. 
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Fig. 2. Steering and multicasting capabilities of an Opto-VLSI processor. 
Adaptive optical beam steering can be achieved by reconfiguring the phase hologram 
uploaded onto the Opto-VLSI processor. Recent advances in low-switching-voltage nematic 
LC materials and Layer thickness control have allowed the incorporation of a thin quarter-
wave-plate (QWP) layer between the LC and the aluminium mirror to accomplish 
polarization-insensitive multi-phase-level Opto-VLSI processors [25], as shown in Fig. 1. In 
addition, with current 130nm VLSI fabrication processes, VLSI chips featuring 24mm×24mm 
active area, maximum switching voltage of 3.0 volts, and pixel size of 5 microns, can be 
realised. Depositing low-switching-voltage electro-optic materials and QWP over such VLSI 
chips, can realize a polarization-insensitive Opto-VLSI processor that has a diffraction 
efficiency of 87% (0.6 dB loss) and a maximum steering angle of more than ±4.0°. 
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There are several algorithms for the optimization of Opto-VLSI phase holograms to achieve 
effective beam steering, including simulated annealing and projection methods. In our 
study, a modified simulated annealing method that can achieve accurate beam steering with 
low crosstalk is adopted (Yen-Wei Chen et al., 2000). 

5. Single wavelength tunable fiber lasers 
Recently, a novel tunable fiber laser employing an Opto-VLSI processor has been demonstrated 
(Xiao et al., 2009). The Opto-VLSI processor is able to arbitrarily select narrowband optical 
signals from the amplified spontaneous emission (ASE) spectrum of an EDFA and inject 
them into a recirculating fiber ring to generate laser signals at arbitrary wavelengths. It is 
motionless and can be tuned electronically over the gain bandwidth of the EDFA.   
 

 
Fig. 3. Opto-VLSI-based tunable fiber laser structure. 

Figure 3 shows the Opto-VLSI-based tunable fiber ring laser structure, which consists of an 
EDFA, an optical coupler, a polarization controller, and a fiber collimator pair (Port A and 
Port B). 95% of broadband ASE spectrum initially generated by the EDFA is routed to the 
Opto-VLSI processor through Port A of the fiber collimator array. The polarization 
controller (PC) is used to align the ASE polarization so that the diffraction efficiency of the 
Opto-VLSI processor is maximized, and also to enforce single-polarization laser operation. 
The grating plate demultiplexes the collimated broadband ASE signal along different 
directions. The lens between the Opto-VLSI processor and the grating plate has a focal 
length of 10 cm and is placed at 10 cm from the grating plate so that the dispersed ASE 
wavebands are deflected along the same direction and mapped onto the surface of an Opto-
VLSI processor as illustrated in Fig. 3(a). By driving the Opto-VLSI processor with an 
appropriate steering phase hologram, any waveband of the ASE spectra can be routed to 
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and coupled into Port B of the fiber collimator array (see Fig. 3(b)), and the others are 
dropped out with dramatic attenuation. The selected wavebands that are coupled into Port 
B are amplified by the EDFA, leading, after several recirculations, to single-mode laser 
generation. Therefore, the fiber laser can be tuned by simply uploading appropriate phase 
holograms that drive the various pixels of the Opto-VLSI processor. 
In the experiments, the EDFA was a C-band amplifier having a small signal gain of 14 dB, 
and a gain spectrum shown in Fig. 4.The EDFA’s pump laser was driven with a current of 
400 mA. A 256-phase-level 512×512-pixel Opto-VLSI processor of pixel size 15 µm with an 
insertion loss of about 0.5 dB was used. The spacing between the fiber collimator elements 
(Port A and Port B) was 3 mm, and the insertion loss and return loss for the two ports were 
0.6 dB and 55 dB, respectively. An optical spectrum analyzer with 0.01 nm resolution was 
used to monitor the laser output power generated at the 5% output port of the optical 
coupler. The ASE signal was collimated at 0.5 mm diameter, and a blazed grating plate, 
having 1200 lines/mm and a blazed angle of 70º at 1530 nm, was used to demultiplex the 
ASE signal and map onto the active window of the Opto-VLSI processor through a lens of 
focal length 10 cm placed at 10 cm from the grating plate. A Labview software was 
developed to generate the optimized digital holograms that steer the desired waveband and 
couple into the collimator Port B.  

 
Fig. 4. Amplified spontaneous emission (ASE) noise from the EDFA. The inset is an example 
of a waveband selected by the Opto-VLSI processor. 
When the optical loop was open, the ASE noise signal of the EDFA is shown in Fig. 4. The 
gain spectrum of the EDFA was linearly mapped along the active window of the Opto-VLSI 
processor. The inset of Fig. 4 is an example that illustrates the selection and coupling of an 
arbitrary waveband into Port B by uploading a phase hologram onto the Opto-VLSI 
processor. The measured total insertion loss from Port A to Port B was around 12 dB, which 
was mainly due to (i) the lens reflection loss; (ii) the blazed grating loss; and (iii) diffraction 
loss and insertion loss of the Opto-VLSI processor. 
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effective beam steering, including simulated annealing and projection methods. In our 
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Opto-VLSI processor through Port A of the fiber collimator array. The polarization 
controller (PC) is used to align the ASE polarization so that the diffraction efficiency of the 
Opto-VLSI processor is maximized, and also to enforce single-polarization laser operation. 
The grating plate demultiplexes the collimated broadband ASE signal along different 
directions. The lens between the Opto-VLSI processor and the grating plate has a focal 
length of 10 cm and is placed at 10 cm from the grating plate so that the dispersed ASE 
wavebands are deflected along the same direction and mapped onto the surface of an Opto-
VLSI processor as illustrated in Fig. 3(a). By driving the Opto-VLSI processor with an 
appropriate steering phase hologram, any waveband of the ASE spectra can be routed to 
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and coupled into Port B of the fiber collimator array (see Fig. 3(b)), and the others are 
dropped out with dramatic attenuation. The selected wavebands that are coupled into Port 
B are amplified by the EDFA, leading, after several recirculations, to single-mode laser 
generation. Therefore, the fiber laser can be tuned by simply uploading appropriate phase 
holograms that drive the various pixels of the Opto-VLSI processor. 
In the experiments, the EDFA was a C-band amplifier having a small signal gain of 14 dB, 
and a gain spectrum shown in Fig. 4.The EDFA’s pump laser was driven with a current of 
400 mA. A 256-phase-level 512×512-pixel Opto-VLSI processor of pixel size 15 µm with an 
insertion loss of about 0.5 dB was used. The spacing between the fiber collimator elements 
(Port A and Port B) was 3 mm, and the insertion loss and return loss for the two ports were 
0.6 dB and 55 dB, respectively. An optical spectrum analyzer with 0.01 nm resolution was 
used to monitor the laser output power generated at the 5% output port of the optical 
coupler. The ASE signal was collimated at 0.5 mm diameter, and a blazed grating plate, 
having 1200 lines/mm and a blazed angle of 70º at 1530 nm, was used to demultiplex the 
ASE signal and map onto the active window of the Opto-VLSI processor through a lens of 
focal length 10 cm placed at 10 cm from the grating plate. A Labview software was 
developed to generate the optimized digital holograms that steer the desired waveband and 
couple into the collimator Port B.  

 
Fig. 4. Amplified spontaneous emission (ASE) noise from the EDFA. The inset is an example 
of a waveband selected by the Opto-VLSI processor. 
When the optical loop was open, the ASE noise signal of the EDFA is shown in Fig. 4. The 
gain spectrum of the EDFA was linearly mapped along the active window of the Opto-VLSI 
processor. The inset of Fig. 4 is an example that illustrates the selection and coupling of an 
arbitrary waveband into Port B by uploading a phase hologram onto the Opto-VLSI 
processor. The measured total insertion loss from Port A to Port B was around 12 dB, which 
was mainly due to (i) the lens reflection loss; (ii) the blazed grating loss; and (iii) diffraction 
loss and insertion loss of the Opto-VLSI processor. 
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After the optical loop was closed, the Opto-VLSI processor was driven by different phase 
holograms, each corresponding to a single-mode lasing at a specific wavelength. Each 
selected waveband experienced a high gain by the EDFA in comparison to the gains 
experienced by the other ASE wavebands.  Figure 5(a) shows the measured outputs of the 
Opto-VLSI-based fiber laser and demonstrates an excellent tuning capability over the C-
band through the generation of 8×512 phase holograms at different position along the active 
window of the Opto-VLSI processor. The linewidth of the tunable laser was about 0.05 nm, 
compared to 0.5 nm when the optical loop was open (see the inset in Fig. 4). The measured 
side-mode suppression ratio (SMSR) was greater than 35 dB and the output power ripple was 
less than 0.25 dB over the entire C-band. The small ripples in the laser output power levels can 
be attributed to two main reasons, namely, (i) the EDFA worked in deep saturation, which 
clips the lasing output power; and (ii) the excellent stability and uniformity of the Opto-VLSI 
processor in steering and selecting wavebands over the whole C-band. 
Figure 5(b) shows the measured laser outputs when fine wavelength tuning was performed 
by shifting the center of the phase hologram by a single pixel across the active window of 
the Opto-VLSI processor. The wavelength tuning step was around 0.05 nm. This 
corresponds to the mapping of 30 nm bandwidth of ASE spectrum of the EDFA across the 
512 pixels (each of 15 µm size). Note that the tuning resolution can be made smaller by using 
an Opto-VLSI processor with a smaller pixel size. Note that the shoulders on both sides of 
the laser spectrum may be due to self-phase modulation or other nonlinear phenomena 
arising from a high-level of the output power. 
 

(a) (b)  
Fig. 5. Measured output intensities of the Opto-VLSI-based fiber laser，(a) Coarse 
wavelength tuning over C-band, and (b) fine wavelength tuning. 
The measured crosstalk between Port A to Port B, defined as the ratio of the unselected ASE 
signal to the power of the waveband selected by the Opto-VLSI processor, was less than -55 
dB. This crosstalk level, which contributes to the background level of the laser output and 
SMSR, can further be reduced by (i) increasing the spacing between Port A and Port B, (ii) 
improving the imaging quality of the lens, (iii) increasing the collimated beam diameter, and 
(iv) reducing the pixel size of the Opto-VLSI processor. The laser exhibited very stable 
operation at room temperature when it was turned on for different periods of time ranging 
from a few hours to a few days. 
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6. Multiple wavelength tunable fiber lasers 
Beside its flexible single-wavelength tunable capability, Opto-VLSI processor is also able to 
offer super multi-wavelength tunability. Furthermore, this tuning mechanism provides two 
advanced features which cannot be provided by other tuning mechanisms, namely, (i) any 
of the lasing wavelengths can be tuned simultaneously and independently; (ii) any 
wavelength channel can be switched on/off without affecting the other wavelength 
channels, adding an important new function to the current tunable multiwavelength fiber 
lasers. These novel functions are very attractive for many applications such as optical 
telecommunications, optical characterization and testing, photonic RF signal processing. 
The structure for the Opto-VLSI-based tunable multiwavelength fiber ring laser is the same as 
the one shown in Fig. 3, with the only difference that an SOA is inserted into the laser cavity to 
construct a hybrid gain medium which provides stable multiwavelength lasing. By driving the 
Opto-VLSI processor with an appropriate steering phase hologram, multiple wavebands from 
the ASE spectra can be steered and coupled into Port 2 of the fiber collimator array, and the 
others are dropped out with dramatic attenuation. The selected wavebands that are coupled 
into Port 2 are amplified by the EDFA and SOA, thus forming an optical loop for 
multiwavelength laser generation. In this way, the fiber laser can be tuned by simply 
uploading appropriate steering phase holograms that drive the various pixels of the Opto-
VLSI processor. The Opto-VLSI-based tunable multiwavelength fiber laser shown in Fig. 3 is 
able to tune multiple lasers simultaneously and independently. This architecture offers 
excellent non-inertial tuning flexibility because any waveband within the ASE spectra from the 
gain media can independently be selected using computer generated holograms.  
The principle of the Opto-VLSI-based tunable multiwavelength fiber laser is demonstrated 
by the experimental setup illustrated in Fig. 3. An EDFA and an SOA, both operating within 
the wavelength region of C-band, were driven with currents of 400 mA and 300 mA, 
respectively. A Labview software was specially developed to generate the optimized digital 
holograms that steer the desired wavebands and couple into Port 2.  
Note that the output port was chosen to be immediately after the EDFA, because the 
homogeneous line broadening of the EDFA results in low background noise when multiple 
lasing wavelengths are synthesized. A tunable 5-wavelength fiber laser was generated by 
applying an optimized phase hologram to steer 5 associated wavebands and couple into the 
fiber ring. Three experimental scenarios were carried out to prove the tunability of the 
proposed structure, including tuning with equal wavelength spacing, tuning with arbitrary 
wavelength spacing, and switching on/off wavelength channels.  
Figure 6 shows the results of the first scenario, where the Opto-VLSI processor was 
reconfigured to tune the multiwavelength laser with equal wavelength spacing. A 5-
wavelength laser with equal wavelength spacing of 1.14 nm were firstly synthesized using a 
phase hologram optimized in such a way that the pixel blocks associated with the 5 
wavelength channels are uploaded with steering blazed gratings that appropriately steer 
and couple these channels back into the fiber ring while the other wavelength channels are 
not steered, thus experiencing dramatic coupling losses. The wavelength spacing of the 5-
wavelength laser was tuned from 1.14 nm to 1.68 nm, then 2.22 nm by reconfiguring the 
phase hologram. The output power for each laser channel was around +6 dBm and the 
SMSR was better than 30 dB. The laser linewidth was about 0.4 nm, and the power 
uniformity was less than 0.8 dB. This small measured power uniformity is attributed to the 
fact that the intensity of each wavelength channel in the cavity can be arbitrarily controlled 
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After the optical loop was closed, the Opto-VLSI processor was driven by different phase 
holograms, each corresponding to a single-mode lasing at a specific wavelength. Each 
selected waveband experienced a high gain by the EDFA in comparison to the gains 
experienced by the other ASE wavebands.  Figure 5(a) shows the measured outputs of the 
Opto-VLSI-based fiber laser and demonstrates an excellent tuning capability over the C-
band through the generation of 8×512 phase holograms at different position along the active 
window of the Opto-VLSI processor. The linewidth of the tunable laser was about 0.05 nm, 
compared to 0.5 nm when the optical loop was open (see the inset in Fig. 4). The measured 
side-mode suppression ratio (SMSR) was greater than 35 dB and the output power ripple was 
less than 0.25 dB over the entire C-band. The small ripples in the laser output power levels can 
be attributed to two main reasons, namely, (i) the EDFA worked in deep saturation, which 
clips the lasing output power; and (ii) the excellent stability and uniformity of the Opto-VLSI 
processor in steering and selecting wavebands over the whole C-band. 
Figure 5(b) shows the measured laser outputs when fine wavelength tuning was performed 
by shifting the center of the phase hologram by a single pixel across the active window of 
the Opto-VLSI processor. The wavelength tuning step was around 0.05 nm. This 
corresponds to the mapping of 30 nm bandwidth of ASE spectrum of the EDFA across the 
512 pixels (each of 15 µm size). Note that the tuning resolution can be made smaller by using 
an Opto-VLSI processor with a smaller pixel size. Note that the shoulders on both sides of 
the laser spectrum may be due to self-phase modulation or other nonlinear phenomena 
arising from a high-level of the output power. 
 

(a) (b)  
Fig. 5. Measured output intensities of the Opto-VLSI-based fiber laser，(a) Coarse 
wavelength tuning over C-band, and (b) fine wavelength tuning. 
The measured crosstalk between Port A to Port B, defined as the ratio of the unselected ASE 
signal to the power of the waveband selected by the Opto-VLSI processor, was less than -55 
dB. This crosstalk level, which contributes to the background level of the laser output and 
SMSR, can further be reduced by (i) increasing the spacing between Port A and Port B, (ii) 
improving the imaging quality of the lens, (iii) increasing the collimated beam diameter, and 
(iv) reducing the pixel size of the Opto-VLSI processor. The laser exhibited very stable 
operation at room temperature when it was turned on for different periods of time ranging 
from a few hours to a few days. 
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6. Multiple wavelength tunable fiber lasers 
Beside its flexible single-wavelength tunable capability, Opto-VLSI processor is also able to 
offer super multi-wavelength tunability. Furthermore, this tuning mechanism provides two 
advanced features which cannot be provided by other tuning mechanisms, namely, (i) any 
of the lasing wavelengths can be tuned simultaneously and independently; (ii) any 
wavelength channel can be switched on/off without affecting the other wavelength 
channels, adding an important new function to the current tunable multiwavelength fiber 
lasers. These novel functions are very attractive for many applications such as optical 
telecommunications, optical characterization and testing, photonic RF signal processing. 
The structure for the Opto-VLSI-based tunable multiwavelength fiber ring laser is the same as 
the one shown in Fig. 3, with the only difference that an SOA is inserted into the laser cavity to 
construct a hybrid gain medium which provides stable multiwavelength lasing. By driving the 
Opto-VLSI processor with an appropriate steering phase hologram, multiple wavebands from 
the ASE spectra can be steered and coupled into Port 2 of the fiber collimator array, and the 
others are dropped out with dramatic attenuation. The selected wavebands that are coupled 
into Port 2 are amplified by the EDFA and SOA, thus forming an optical loop for 
multiwavelength laser generation. In this way, the fiber laser can be tuned by simply 
uploading appropriate steering phase holograms that drive the various pixels of the Opto-
VLSI processor. The Opto-VLSI-based tunable multiwavelength fiber laser shown in Fig. 3 is 
able to tune multiple lasers simultaneously and independently. This architecture offers 
excellent non-inertial tuning flexibility because any waveband within the ASE spectra from the 
gain media can independently be selected using computer generated holograms.  
The principle of the Opto-VLSI-based tunable multiwavelength fiber laser is demonstrated 
by the experimental setup illustrated in Fig. 3. An EDFA and an SOA, both operating within 
the wavelength region of C-band, were driven with currents of 400 mA and 300 mA, 
respectively. A Labview software was specially developed to generate the optimized digital 
holograms that steer the desired wavebands and couple into Port 2.  
Note that the output port was chosen to be immediately after the EDFA, because the 
homogeneous line broadening of the EDFA results in low background noise when multiple 
lasing wavelengths are synthesized. A tunable 5-wavelength fiber laser was generated by 
applying an optimized phase hologram to steer 5 associated wavebands and couple into the 
fiber ring. Three experimental scenarios were carried out to prove the tunability of the 
proposed structure, including tuning with equal wavelength spacing, tuning with arbitrary 
wavelength spacing, and switching on/off wavelength channels.  
Figure 6 shows the results of the first scenario, where the Opto-VLSI processor was 
reconfigured to tune the multiwavelength laser with equal wavelength spacing. A 5-
wavelength laser with equal wavelength spacing of 1.14 nm were firstly synthesized using a 
phase hologram optimized in such a way that the pixel blocks associated with the 5 
wavelength channels are uploaded with steering blazed gratings that appropriately steer 
and couple these channels back into the fiber ring while the other wavelength channels are 
not steered, thus experiencing dramatic coupling losses. The wavelength spacing of the 5-
wavelength laser was tuned from 1.14 nm to 1.68 nm, then 2.22 nm by reconfiguring the 
phase hologram. The output power for each laser channel was around +6 dBm and the 
SMSR was better than 30 dB. The laser linewidth was about 0.4 nm, and the power 
uniformity was less than 0.8 dB. This small measured power uniformity is attributed to the 
fact that the intensity of each wavelength channel in the cavity can be arbitrarily controlled 
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by adjusting the steering efficiency of the various pixel blocks associated to the lasing 
channels. In addition, the relatively high laser output power was because of the low 
insertion loss experienced by each wavelength channel. 
The measured minimum wavelength spacing of the multiwavelength laser was around 0.4 
nm, which is determined by the pixel size of the Opto-VLSI processor, the focal length of the 
lens, and the dispersion capability of the grating plate. In the experiments, the 30 nm ASE 
spectrum was mapped across the 512-pixel surface of the Opto-VLSI processor (each of 15 
um size), thus each pixel was occupied by about 0.05 nm of the tuning range, and 8x512-
pixel pixel blocks were used to steer the individual wavelength channels, resulting in 0.4 nm 
channel linewidth (and hence minimum channel spacing), and 0.05 nm tuning resolution for 
each wavelength channel corresponding to one pixel shift. Note that the wavelength spacing 
and the tuning resolution can be made smaller by using an Opto-VLSI processor with a 
smaller pixel size and a larger active window.   
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The second scenario demonstrated that the wavelength spacing of the multiwavelength 
laser can arbitrary be tuned, as shown in Fig. 7. Starting from the 1.14nm spaced wavelength 
channels shown in Fig. 6(a), the adjacent wavelength spacings were changed to [1.14 nm, 
1.14nm, 1.68 nm, 1.68 nm] as shown in Fig. 7(a). This was accomplished by shifting the 
steering phase holograms associated to the fourth and fifth wavelength channels by 10 
pixels. Similarly, the adjacent wavelength spacing was tuned to [1.14 nm, 1.68nm, 1.68 nm, 
1.68 nm] and [1.68 nm, 1.68nm, 1.68 nm, 2.22 nm] as shown in Figs. 7(b) and (c), 
respectively. Note that when the wavelength spacing of the multiwavelength laser was 
varied, a negligible change in the output levels for each wavelength and the output power 
uniformity was observed. However, the other laser characteristics such as output SMSR, 
laser linewidth, tuning step, did not change. 
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Fig. 7. Tuning with arbitrary wavelength spacing for the Opto-VLSI-based tunable 
multiwavelength fiber laser. 
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Fig. 8. Switching on/off any wavelength channels. 

In the third scenario, we demonstrated that each wavelength channel can independently be 
switched on/off. Starting from the multiwavelength laser output shown in Fig. 7(c), and by 
removing the steering phase hologram associated to the second wavelength channel, the 
latter was switched off and dropped out from the fiber ring while the other channels were 
kept intact, as shown in Fig. 8(a). Similarly, the third and the fourth wavelength channels 
were dropped, as illustrated in Figs. 8(b) and (c), by reconfiguring the phase hologram 
uploaded onto the Opto-VLSI processor. During the switching experiments, the 
multiwavelength laser characteristics such as the output power level, the power uniformity, 
laser linewidth, and SMSR were not affected.     
The above three scenarios demonstrate the capability of the multiwavelength laser to 
generate arbitrary wavelength channels via software, leading to significant improvement in 
flexibility and reconfigurability compared to previously reported tunable multiwavelength 
laser demonstrators.  
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Each wavelength channel exhibited very stable operation at room temperature whenever it 
was turned on for different periods of time ranging from a few hours to a few days. The 
measured maximum output power fluctuation was less than 0.5 dB for a period of 2-hour 
observation. 

7. Multi-port tunable fiber lasers 
In addition to its excellent tunability for both single-wavelength and multi-wavelength 
lasing, the Opto-VLSI based approach provides a special capability of integrating many 
tunable single/multi-wavelength fiber lasers into a same tuning system, making it very 
competitive for commercialization.  
 

 
Fig. 9. The proposed multi-port tunable fiber laser structure. 

The proposed Opto-VLSI-based multi-port tunable fiber ring laser structure is shown in Fig. 
9. It consists of N tunable fiber lasers simultaneously driven by a single Opto-VLSI 
processor. Each tunable fiber laser employs an optical amplifier, an optical coupler, a 
polarization controller, a circulator, and one port from a collimator array, as described in 
Fig. 9. All the broadband ASE signals are directed to the corresponding collimator ports, via 
their corresponding circulators. A lens (Lens 1) is used between the collimator array and a 
diffraction grating plate to focus the collimated ASE beams onto a small spot onto the 
grating plate. The latter demultiplexes all the collimated ASE signals into wavebands (of 
different center wavelengths) along different directions. Another lens (Lens 2), located in the 
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middle position between the grating plate and the Opto-VLSI processor, is used to collimate 
the dispersed optical beams in two dimensions and map them onto the surface of a 2-D 
Opto-VLSI processor, which is partitioned into N rectangular pixel blocks. Each pixel block 
is assigned to a tunable laser and used to efficiently couple back any part of the ASE 
spectrum illuminating this pixel block along the incident path into the corresponding 
collimator port. The selected waveband coupled back into the fiber collimator port is then 
routed back to the gain medium via the corresponding circulator, thus an optical loop is 
formed for the single-mode laser generation. Therefore, by uploading the appropriate phase 
holograms (or blazed grating) that drive all the pixel blocks of the Opto-VLSI processor, N 
different wavelengths can independently be selected for lasing within the different fiber 
loops, thus realizing a multiport tunable fiber laser source that can simultaneously generate 
arbitrary wavelengths at its ports. Note that the N tunable fiber lasers can independent and 
simultaneously offer lasing in sing wavelength, multi wavelength, or hybrid.  
To proof the principle of the proposed Opto-VLSI-based tunable fiber laser, an Opto-VLSI-
based 3-wavelength tunable fiber laser was demonstrated using the experimental setup 
shown in Fig. 9. Each tunable fiber laser channel consists of an EDFA that operates in the C-
band, a 1×2 optical coupler with 5/95 power splitting ratio, and a fiber collimator array. A 
256-phase-level two-dimensional Opto-VLSI processor having 512×512 pixels with 15 µm 
pixel size was used to independently and simultaneously select any part of the gain 
spectrum from each EDFA into the corresponding fiber ring. Two identical lenses of focal 
length 10 cm were placed at 10 cm from both sides of the grating plate. An optical spectrum 
analyzer with 0.01 nm resolution was used to monitor the 5% output port of each optical 
coupler which serves as the output port for each tunable laser channel. The 95% port of each 
ASE signal was directed to a PC and collimated at about 0.5 mm diameter. A blazed grating, 
having 1200 lines/mm and a blazed angle of 70º at 1530 nm, was used to demultiplex the 
three EDFA gain spectra, which were mapped onto the active window of the Opto-VLSI 
processor by Lens 2. A Labview software was especially developed to generate the 
optimized digital holograms that steer the desired waveband and couple back into the 
corresponding collimator for subsequent recirculation in the fiber loop.  
The active window of the Opto-VLSI processor was divided into three pixel blocks 
corresponding to the positions of the three demultiplexed ASE signals, each pixel block 
dedicated for tuning the wavelength of a fiber laser. Optimized digital phase holograms were 
applied to the three pixel blocks, so that desired wavebands from the ASE spectra illuminating 
the Opto-VLSI processor could be selected and coupled back into their fiber rings, leading to 
simultaneous lasing at specific wavelengths. By changing the position of the phase hologram 
of each pixel block, the lasing wavelength for each fiber laser could be dynamically and 
independently tuned. The measured total cavity loss for each channel was around 12 dB, 
which mainly includes (i) the coupling loss of the associated collimator; (ii) the blazed grating 
loss; and (iii) the diffraction loss and insertion loss of the Opto-VLSI processor. Note that the 
total cavity loss influences both the laser output power and the tuning range, as well as the 
pump current thresholds needed for lasing (60mA in the experiments).  
Figure 10 demonstrates the coarse tuning capability of the 3-wavelength Opto-VLSI fiber 
laser operating over C-band. The measured output laser spectrum for each channel is shown 
for different optimized phase holograms uploaded onto the Opto-VLSI processor. All the 
channels could independently and simultaneously be tuned over the whole C-band. Port 1 
and Port 2 have an output power level of about 9 dBm with an optical side-mode-
suppression-ratio of more than 35 dB. Port 3 has 2 dB less output power because the EDFA’s 
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Fig. 10. Measured responses of the Opto-VLSI-based 3-wavelength fiber laser for coarse 
tuning operation over C-band. These three channels can independently and simultaneously 
be tuned over the whole C-band. 
gain for this channel was intentionally dropped to demonstrate the ability to change the 
output power level via changing the pump current. The laser output power for each channel 
has a uniformity of about 0.5 dB over the whole tuning range. Each laser channel exhibited 
the same performance as described before when only one fiber laser is constructed based on 
the Opto-VLSI processor.  
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Fig. 10. Measured responses of the Opto-VLSI-based 3-wavelength fiber laser for coarse 
tuning operation over C-band. These three channels can independently and simultaneously 
be tuned over the whole C-band. 
gain for this channel was intentionally dropped to demonstrate the ability to change the 
output power level via changing the pump current. The laser output power for each channel 
has a uniformity of about 0.5 dB over the whole tuning range. Each laser channel exhibited 
the same performance as described before when only one fiber laser is constructed based on 
the Opto-VLSI processor.  
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The maximum output power for the multi-wavelength tunable fiber laser is about 9 dBm. 
This value is mainly dependent on the gain of the EDFA associated to that channel. Note 
that the thickness of the liquid crystal layer of the Opto-VLSI processor is very small (several 
microns), leading to spatial phase-modulation with negligible power loss. For high laser 
output power levels, the nonlinearity of the LC material could induce unequal phase shifts 
to the individual pixels of the steering phase hologram, leading to higher coupling loss, 
which reduces the output laser power. However, properly designed liquid-crystal mixtures 
can handle optical intensities as high as 700 W/cm2 with negligible nonlinear effects, 
making the maximum laser output power mainly dependent on the maximum output 
optical power of the gain medium. 
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Fig. 11. Fine tuning operation for each channel of the Opto-VLSI-based 3-wavelength 
tunable fiber laser. The minimum tuning step was 0.05 nm. 
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The measured laser outputs for fine wavelength tuning operation of the three channels are 
shown in Fig. 11. By shifting the center of each phase hologram by a single pixel across the 
active window of the Opto-VLSI processor, the wavelength was tuned by a step of around 
0.05 nm for all the three channels. This corresponds to the mapping of 30 nm ASE spectrum 
of the EDFA of each channel across the 512 pixels (each of 15 µm size). Similarly, the 
shoulders on both sides of the laser spectrum of each tunable laser channel are due to self-
phase modulation or other nonlinear phenomena arising from a high level of the output 
power, as also shown in Fig. 11(b). 
When the output power of each fiber laser is varied via the control of the current driving the 
pump laser of the EDFA, the other laser characteristics such as output SMSR, laser 
linewidth, output power uniformity, tuning step, and tuning range were not changed. The 
pump-independent laser linewidth observation might be due to the limited resolution (0.01 
nm) of the OSA we used in the experiments. 
Since the Opto-VLSI processor has a broad spectral bandwidth, the multi-port tunable laser 
structure shown in Fig. 9 could in principle operate over the O-, S-, C- and/or L- bands. 
Note also that the Opto-VLSI processor used in the experiment was able to achieve 
wavelength tuning for up to 8 ports independently and simultaneously. This is because each 
pixel block was about 0.8 mm wide and the active window of the Opto-VLSI active window 
was 7.6 mm × 7.6 mm.  

8. Conclusion 
In this chapter, the tuning mechanisms and gain mechanisms for single-wavelength, multi-
wavelength tunable fiber lasers have been reviewed. Then the use of optical amplifiers and 
Opto-VLSI technology to realize a tunable single/multiple wavelength fiber laser and multi-
port tunable fiber lasers, has been discussed. The ability of the Opto-VLSI processor to select 
any part of the gain spectrum from optical amplifiers into desired fiber rings has been 
demonstrated, leading to many tunable single/multiple wavelength fiber laser sources. We 
have also experimentally demonstrated the proof-of-principle of tunable fiber lasers capable 
of generating single and/or multiple wavelengths laser sources with laser linewidth as 
narrow as 0.05 nm, optical side-mode-suppression-ratio (SMSR) of about 35 dB, as well as 
outstanding tunability. The demonstrated tunable fiber lasers have excellent stability at 
room temperature and output power uniformity less than 0.5 dB over the whole C-band. In 
addition, this tunable fiber laser structure could potentially operate over the O-, S-, C- 
and/or L- bands. 
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1. Introduction     
Electrical equivalent circuit models for optical components are useful as they allow existing, 
well-developed circuit simulators to be used in design and analysis of optoelectronic 
devices. A circuit simulator also allows integration with electrical components (package 
parasitic, laser driver circuit, etc.). Equivalent circuit models were developed and 
investigated for some optoelectronic circuit elements, including p-i-n diodes, laser diodes, 
and waveguide modulators (Bononi et al., 1997; Chen et al., 2000; Desai et al., 1993; Jou et al., 
2002; Mortazy & Moravvej-Farshi, 2005; Tsou & Pulfrey, 1997). 
The features of erbium-doped fiber amplifiers (EDFAs) are continuously investigated 
because of their great importance in optical communication systems. In order to design and 
analyze the characteristics of EDFAs, it is essential to have an accurate model. A dynamic 
model of EDFAs is helpful to understand the transient behavior in networks. The EDFA 
dynamics can also be used to monitor information in optical networks (Murakami et al., 
1996; Shimizu et al., 1993). In this chapter, using a new circuit model for EDFAs, the static 
and dynamic characteristics of EDFAs can be analyzed conveniently through the aid of a 
SPICE simulator. The dc gain, amplified spontaneous emission (ASE) spectrum, frequency 
response and transient analysis of EDFAs can be simulated. 
Semiconductor optical amplifiers (SOAs) are also important components for optical 
networks. They are very attractive for their wide gain spectrum, and capability of 
integration with other devices. In the linear regime, they can be used for both booster and 
in-line amplifiers (O’Mahony, 1988; Settembre et al., 1997; Simon, 1987). Also, much research 
activities have been done on all-optical signal processing with SOAs (Danielsen et al., 1998; 
Durhuus et al., 1996). Laser diodes (LDs) are similar devices to SOAs, and they are also the 
key components for various applications ranging from high-end and high-speed (i.e. fiber 
communications, and compact-disc players) to low-end and low-speed (i.e. laser pointers, 
and laser displays) systems. In this chapter, a new unified equivalent circuit model for SOAs 
and LDs is also presented. 

2. Equivalent circuit model for erbium-doped fiber amplifiers 
Sun et al. (Sun et al., 1996) derived a nonlinear ordinary differential equation to describe 
EDFA dynamics. Then, Bononi, Rusch, and Tancevski (Bononi et al., 1997) developed an 
equivalent circuit model to study EDFA dynamics. Based on this equation, Novak and 
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Gieske (Novak & Gieske, 2002) also presented a MATLAB Simulink model of EDFA. 
However, most EDFA models (Barnard et al., 1994; Freeman & Conradi, 1993; Giles et al., 
1989; Novak & Gieske, 2002; Novak & Moesle, 2002) didn’t take the ASE into account. Some 
models or methods of EDFA analysis had been presented with ASE (Araci & Kahraman, 
2003; Burgmeier et al., 1998; Ko et al., 1994; Wu & Lowery, 1998), but a complex numerical 
computation was involved in a model or the ASE was simply taken as an independent light 
source. 
Thus, in this section, the Bononi-Rusch-Tancevski model is extended to develop a new 
equivalent circuit model of EDFAs including ASE. Through the aid of a SPICE simulator, it 
is convenient to implement the circuit model and to analyze accurately the static and 
dynamic features of EDFAs. 

2.1 Circuit model of EDFA including ASE 
Considering a co-pumped two-level EDFA system, it is assumed that the excited-state 
absorption and the wavelength dependence of group velocity (υg) can be ignored. Let the 
optical beams propagate in z-direction through an EDF of length L. The rate equation and 
the propagating equations of photon fluxes in time frame can be simplified by transforming 
to a retarded-time frame moving with υg . These equations are shown as 
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where ( )k k kP P ' h A= ν , kP '  is the power of the kth optical beam, νk is the optical frequency, 
h is Planck's constant; Nt is the erbium density in the fiber core of effective area A; Γk is the 
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a ,lP and −

a ,lP represent the forward and backward ASE fluxes within 
a frequency slot of width Δνa,l, centered at optical frequency νa,l (wavelength λa,l). It is noted 
that s may be replaced by multichannel signals s(1), s(2), …, and s(M). 
By Eqs. (1)-(3), the equations can be obtained 
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In general, the forward ASE remains constant at moderate pump power if the high-gain EDF 
length is not too long (around 4m in the case of (Pederson et al., 1990)). The forward ASE 
grows with pump power if the EDF fiber is long. Moreover, for a long EDF fiber (>10m in this 
case), the growth (or attenuation) of forward ASE along fiber length can not be ignored if the 
pump power is large (or small). A subdivision of EDF into small segments is necessary in case 
of long fiber. A similar conclusion holds for the backward ASE. The validity of the 
approximation of constant ASE power along the EDF will be shown in next subsection.  
Subdividing the EDF into n segments with lengths Li, i = 1, 2, …, n, an equivalent circuit 
model of EDFA including ASE contributions is developed for Eqs. (4), (5), and (7), as shown 
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Fig. 1. Equivalent circuit model of EDFA including ASE 
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where ( )k k kP P ' h A= ν , kP '  is the power of the kth optical beam, νk is the optical frequency, 
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Fig. 1. Equivalent circuit model of EDFA including ASE 



 Advances in Optical Amplifiers 

 

330 

number of channels in a multichannel system; ( )+ + + + +
− −

=

= + = +∑
m

in out out
A ,i A ,i 1 SE,i a ,l ,i 1 se ,l ,i

l 1
P P P P P  with 

+ =out
A ,0P 0 ; ( )− − − − −

+ +
=

= + = +∑
m

in out out
A ,i A ,i 1 SE,i a ,l ,i 1 se ,l ,i

l 1
P P P P P  with −

+ =out
A ,n 1P 0 ; and ± = Γ σ Δνe

se ,l ,i l l a ,l 2 ,iP 2 N A . 

2.2 Static gain of EDFA 
A forward 980nm-pump EDFA with 12m EDF length and 50μW input signal power at 
1558nm are considered. Other parameters used in these simulations are: NT = 7.7×1024m-3,  
τ= 10ms, A = 2.5×10-11m2, σa

s = 2.4×10-25m2, σe
s = 3.8×10-25m2, σa

p  = 2.0×10-25m2, and NA = 
0.18. These parameters are obtained from manufacturing data or the fitting of experimental 
gain (Jou et al., 2000; Lai et al., 1999). The dc gain is shown in Fig. 2, as a function of pump 
power. The square keys represent experimental data (Lai et al., 1999). As a comparison, the 
numerical calculation is from Eqs. (1)-(3). The numerical results calculated with ASE are 
shown as the filled circle keys. The EDF length is subdivided into 1200 segments in this 
numerical computation. The dash curves represent the circuit-model simulation without 
ASE (Bononi et al., 1997). The solid curve represents the simulation result using this 
equivalent circuit model. In the circuit models, the parameters used are: the EDF segment 
number n = 5, the centered wavelength of ASE light λa = 1540nm, the bandwidth Δνa = 5.06 
THz (from 1520nm to 1560nm), and the average cross-section σe

a = 5.6×10-25m2 and σa
a  = 

4.8×10-25m2. 
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Fig. 2. Measured and simulated dc gain versus pump power for EDFA 
Because of the ASE influences on EDFA, the dc gain without ASE is higher than the 
numerical and circuit-model simulations with ASE. Similar result was also reported by 
(Novak & Moesle, 2002). In Fig. 2, it is observed that the simulation without ASE results in a 
dc gain of 2dB lager than the experimental data when the pump power is around 25mW. A 
good agreement between the measured data and the simulation using this circuit model is 
obtained. The result of this circuit-model simulation is also in very good agreement with the 
numerical computation. 
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Generally, if the EDF is subdivided into more segments, the numerical computation results 
would be more accurate (Yu & Fan, 1999). However, the circuit model of EDFA without ASE 
should not be subdivided (Bononi et al., 1997), but the EDF should be subdivided for 
including ASE in this model. The simulated dc gains of the EDFA are shown in Fig. 3(a), 
using different number of EDF segments. The dc gain deviation is about 0.2dB between the 
numerical result using 1200 EDF segments and the circuit-model simulation using 3 EDF 
segments. Using 5 EDF segments, this simulation can be very close to the numerical result. 
In Fig. 3(b), the total forward and backward ASE power versus pump power can be shown. 
It is observed that the forward ASE power is lower than the backward one, since a forward 
pump EDFA is considered here.  
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Fig. 3. Static characteristics of EDFA for the different number of subdivided EDF segments 
(a) DC gain versus pump power (b) ASE power versus pump power 
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numerical computation. The dash curves represent the circuit-model simulation without 
ASE (Bononi et al., 1997). The solid curve represents the simulation result using this 
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Fig. 2. Measured and simulated dc gain versus pump power for EDFA 
Because of the ASE influences on EDFA, the dc gain without ASE is higher than the 
numerical and circuit-model simulations with ASE. Similar result was also reported by 
(Novak & Moesle, 2002). In Fig. 2, it is observed that the simulation without ASE results in a 
dc gain of 2dB lager than the experimental data when the pump power is around 25mW. A 
good agreement between the measured data and the simulation using this circuit model is 
obtained. The result of this circuit-model simulation is also in very good agreement with the 
numerical computation. 
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The ASE power of circuit-model simulation is slightly higher than the numerical 
computation. This makes the dc gain of this circuit-model simulation slightly lower, as 
expected. When the pump power is around 13mW, the dc gain is around 0dB and the ASE 
power of circuit-model simulation is in excellent agreement with the numerical 
computation. The forward ASE power from this circuit model is overestimated when the 
pump power is above 13mW. This overestimation is believed to be due to this 
approximation of constant ±

a ,lP (z, t)  in Eq. (6) and the fact that the forward ASE grows with 
EDF fiber length in a longer fiber under some given pump power. It is noted that 

± = Γ σ Δνe
se,l l l a,l 2P 2 N (t) A  appears in Eq. (7). The use of larger ±

se ,lP  in this circuit-model 
simulation can lead to the overestimation of forward ASE, especially in the first and last 
EDF segments. An improvement in the overestimation is observed using 5-segment EDF 
instead of 3-segment one, but the model with 5-segment EDF would be more complex. 
Therefore, the tradeoff between the calculation accuracy and the circuit model complexity 
should be cautiously considered. Below 13 mW pump power, an underestimation of 
forward ASE can be found in Fig. 3(b). It is also believed to come from this approximation of 
constant ±

a ,lP (z, t)  in Eq. (6) and the attenuation of ASE along EDF fiber. It is noted that the 
smaller ±

se ,lP  appears in Eq. (7). A similar conclusion can be reached for the backward ASE. 
However, the agreement between the backward ASE of this circuit model and the numerical 
computation is better owing to considering a forward pumped EDFA. 

2.3 ASE spectrum of EDFA 
An ASE spectrum can also be simulated through this circuit model. It is considered that 
there are not any input signal beams, the pump power is 55mW, the span of ASE spectrum 
is from 1520nm to 1560nm, and the cross sections in Fig. 2 of (Desurvire & Simpson, 1989) 
are used in this simulation. In Figs. 4(a) and 4(b), the numerical results of forward and 
backward ASE spectra with 40 ASE slots (1nm wavelength spacing) are shown as the filled 
circle keys. Using this circuit model with 1, 3, and 5 ASE slots, the simulation results are 
shown as the dotted, dash, and solid curves respectively. The stepped ASE spectrum with 5 
ASE slots is coarsely similar to the numerical calculation. Although the stepped ASE spectra 
using 1 and 3 ASE slots are unlike with the numerical calculation, each total ASE power of 
those spectra is very similar. If the ASE is subdivided into more slots in this circuit-model 
simulation, the ASE spectrum would be more accurate, but the model would also become 
more complex. However, the rough spectra of circuit-model simulations are still worthwhile 
in the estimation of EDFA’s characteristics. In Fig. 4(a), it can also be obtained that the 
forward ASE power of this circuit model simulation is slightly higher than that of the 
numerical computation, as the result in Fig. 3(b). 

2.4 Frequency response of EDFA 
Using this circuit model with ASE, the frequency response of EDFA is also analyzed. The 
10% signal power modulation index is used in these ac analyses. When the input pump 
power is 40mW, the ac gain and phase responses are shown in Figs. 5(a) and 5(b), as a 
function of frequency. The numerical computation is in a good agreement with this circuit-
model simulation and the ac gain response shows a high-pass characteristic (Freeman & 
Conradi, 1993; Liu et al., 1995; Novak & Gieske, 2002; Novak & Moesle, 2002). When the 
modulation frequency is below 100Hz, the maximum ac gain deviation can be near 10dB 
between the simulation results with and without ASE. The peak phase of simulation   
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Fig. 4. ASE spectra of EDFA (a) Forward ASE spectrum (b) Backward ASE spectrum 

without ASE is about 70 degree at 100Hz. With ASE it is about 30 degree at 230Hz. The 
deviation of peak phase between the results with and without ASE is quite large. The peak 
phase position shifts to higher frequency when the simulation includes ASE. The influence 
of ASE on frequency response of EDFA is significant in low modulation frequency region 
(below 100Hz). The dc gain of the numerical computation is slightly higher than that of the 
circuit-model simulation in Fig. 3(a), so the ac gain of the numerical computation is also 
slightly higher than that of this simulation in low modulation frequency region. 
After the numerical computation of transient analysis from Eqs. (1)-(3), the ac gain and phase 
can be estimated or calculated as functions of frequency. This computing process is more 
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The ASE power of circuit-model simulation is slightly higher than the numerical 
computation. This makes the dc gain of this circuit-model simulation slightly lower, as 
expected. When the pump power is around 13mW, the dc gain is around 0dB and the ASE 
power of circuit-model simulation is in excellent agreement with the numerical 
computation. The forward ASE power from this circuit model is overestimated when the 
pump power is above 13mW. This overestimation is believed to be due to this 
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computation is better owing to considering a forward pumped EDFA. 

2.3 ASE spectrum of EDFA 
An ASE spectrum can also be simulated through this circuit model. It is considered that 
there are not any input signal beams, the pump power is 55mW, the span of ASE spectrum 
is from 1520nm to 1560nm, and the cross sections in Fig. 2 of (Desurvire & Simpson, 1989) 
are used in this simulation. In Figs. 4(a) and 4(b), the numerical results of forward and 
backward ASE spectra with 40 ASE slots (1nm wavelength spacing) are shown as the filled 
circle keys. Using this circuit model with 1, 3, and 5 ASE slots, the simulation results are 
shown as the dotted, dash, and solid curves respectively. The stepped ASE spectrum with 5 
ASE slots is coarsely similar to the numerical calculation. Although the stepped ASE spectra 
using 1 and 3 ASE slots are unlike with the numerical calculation, each total ASE power of 
those spectra is very similar. If the ASE is subdivided into more slots in this circuit-model 
simulation, the ASE spectrum would be more accurate, but the model would also become 
more complex. However, the rough spectra of circuit-model simulations are still worthwhile 
in the estimation of EDFA’s characteristics. In Fig. 4(a), it can also be obtained that the 
forward ASE power of this circuit model simulation is slightly higher than that of the 
numerical computation, as the result in Fig. 3(b). 

2.4 Frequency response of EDFA 
Using this circuit model with ASE, the frequency response of EDFA is also analyzed. The 
10% signal power modulation index is used in these ac analyses. When the input pump 
power is 40mW, the ac gain and phase responses are shown in Figs. 5(a) and 5(b), as a 
function of frequency. The numerical computation is in a good agreement with this circuit-
model simulation and the ac gain response shows a high-pass characteristic (Freeman & 
Conradi, 1993; Liu et al., 1995; Novak & Gieske, 2002; Novak & Moesle, 2002). When the 
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Fig. 4. ASE spectra of EDFA (a) Forward ASE spectrum (b) Backward ASE spectrum 

without ASE is about 70 degree at 100Hz. With ASE it is about 30 degree at 230Hz. The 
deviation of peak phase between the results with and without ASE is quite large. The peak 
phase position shifts to higher frequency when the simulation includes ASE. The influence 
of ASE on frequency response of EDFA is significant in low modulation frequency region 
(below 100Hz). The dc gain of the numerical computation is slightly higher than that of the 
circuit-model simulation in Fig. 3(a), so the ac gain of the numerical computation is also 
slightly higher than that of this simulation in low modulation frequency region. 
After the numerical computation of transient analysis from Eqs. (1)-(3), the ac gain and phase 
can be estimated or calculated as functions of frequency. This computing process is more 
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complex. However, using the circuit model, the frequency response of EDFA can be obtained 
easily and rapidly by the frequency-sweep analysis command in a SPICE simulator. 
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Fig. 5. Frequency responses of EDFA (a) AC gain response (b) Phase response 

2.5 Transient analysis of EDFA 
Using this circuit model with ASE, the transient response of EDFA dynamics can also be 
obtained readily through the aid of a SPICE simulator. An eight-channel EDFA system with 
35mW pump power at 980nm is considered and seven out of eight channels are added and 
dropped. These seven channels are represented by a 1558nm signal, while the surviving 
channel by a 1530nm signal, as shown in Fig. 6(a). (This system can also be regarded as a 
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two-channel system.) σa
s = 8.5×10-25m2 and σe

s = 8.1×10-25m2 at 1530nm are used in this 
simulation. Each channel has 10μW power input to the EDFA. In Fig. 6(b), it is shown that 
the 1558nm output signal has a large power excursion (Giles et al., 1989; Ko et al., 1994; Wu 
& Lowery, 1998), when the input signals of seven channels are added simultaneously. 
According to the above-mentioned results, the dc gain is lower and the ac gain deviation 
between high and low frequency is smaller, because of the ASE influence on EDFA. 
Therefore, the power excursion of the transient response is lower in this simulation with 
ASE, as shown by the features in Fig. 6(b). A good agreement between the numerical 
computation and this circuit-model simulation is obtained. 
When the 1558nm signal is added or dropped, the output power of 1530nm surviving 
channel can decrease or increase due to the effect of cross talk, as shown in Fig. 6(c). Because 
of the ASE influence on EDFA, the 1530nm output power of the simulation without ASE is 
higher, and that of the numerical computation is also slightly higher than that of the circuit-
model simulation with ASE. A larger difference between the result of the numerical 
computation and this circuit-model simulation can be observed when the 1558nm signal is 
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Fig. 6. Transient responses of a two-channel EDFA system (a) Input signals (b) Output signal 
at 1558nm (c) Output signal at 1530nm 
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complex. However, using the circuit model, the frequency response of EDFA can be obtained 
easily and rapidly by the frequency-sweep analysis command in a SPICE simulator. 
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two-channel system.) σa
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simulation. Each channel has 10μW power input to the EDFA. In Fig. 6(b), it is shown that 
the 1558nm output signal has a large power excursion (Giles et al., 1989; Ko et al., 1994; Wu 
& Lowery, 1998), when the input signals of seven channels are added simultaneously. 
According to the above-mentioned results, the dc gain is lower and the ac gain deviation 
between high and low frequency is smaller, because of the ASE influence on EDFA. 
Therefore, the power excursion of the transient response is lower in this simulation with 
ASE, as shown by the features in Fig. 6(b). A good agreement between the numerical 
computation and this circuit-model simulation is obtained. 
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dropped. However, the agreement between this circuit model and the numerical 
computation is better when the 1558nm signal is added. 
To include the forward and backward ASE in a transient analysis, the iteration process in 
the two-point boundary-value problem gets complex. The numerical simulation requires a 
large amount of computation time and dynamic data storage, and the convergence problem 
is not easy to deal with. However, using the circuit model, the transient response of EDFA 
can be obtained conveniently through the aid of a SPICE simulator. Setting a given tolerance 
criteria and the number of iterations in a SPICE simulator, the convergence problem can be 
solved easily and the computer time can also be reduced (Avant!, 2001). 

3. Unified circuit model for semiconductor optical amplifiers and laser diodes 
There are two primary types of SOAs: traveling wave (TW) SOAs and Fabry-Perot (FP) 
SOAs. The principle of TW-SOA and FP-SOA is identical, i.e. intrinsic stimulated light 
amplification. The difference between TW-SOA and FP-SOA is reflectivity of cavity facets. 
The internal reflectivity of FP-SOA is higher than TW-SOA. Actually, an FP-SOA can be 
regarded as a FP-LD that is biased below the threshold current. The active layer of an SOA 
has a positive medium gain but not large enough for laser emission. 
Equivalent circuit models have been separately reported for LDs (Lu et al., 1995; Rossi et al., 
1998; Tsou & Pulfrey, 1997) and SOAs (Chen et al., 2000; Chu & Ghafouri-Shiraz, 1994; 
Sharaiha & Guegan, 2000). However, the principles of SOAs and LDs are extremely similar. 
In this section, a unified equivalent circuit model is presented for SOAs and LDs. 

3.1 Circuit model of SOA and LD 
Schematic diagrams of a TW-SOA and an FP-SOA are shown in Fig.7 (a) and (b), 
respectively. TW-SOAs are of a very low internal reflectivity and the incident light is 
amplified in single pass. FP-SOAs are of a higher reflectivity and incident light can be 
bounced back and forth within the cavity, resulting in resonance amplification. A basic LD 
structure is similar to an FP-SOA, but it doesn’t need any incident light. 
Assume that the nonradiative recombination and carrier leakage rate can be neglected; the 
wavelength dependence of group velocity (υg) can be ignored; any transport time for 
carriers to reach the active region is not considered. The rate equation for carrier density N, 
and the continuity equations for signal photon N±p and ASE photon N±sp propagating in ±z-
direction can be written as (Coldren & Corzine, 1995) 
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where ηi is the internal quantum efficiency, I is the injected current, V is the volume of the 
active region, Γ is the confinement factor, Rsp(N) is the spontaneous emission rate, 
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Fig. 7. Schematic diagrams of (a) TW-SOA and (b) FP-SOA 
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Eqs. (11) and (12) are integrated over z from 0 to the length of active region L. The photon 
±
pN and ±

spN can be transformed into the signal power ±
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respectively. Then, by Eqs. (8), (11), and (12), these equations are shown as 

 
+ −+ − ⎛ ⎞∂ ∂Γ⎛ ⎞Γ∂ η ∂ ∂

≈ − − − − −⎜ ⎟⎜ ⎟ ⎜ ⎟∂ ν ∂ ∂ ν ∂ ∂⎝ ⎠ ⎝ ⎠

sp spmmi s s
sp

s s s s s s

P PggN I P PR
t qV h A g z z h A g z z

 (13) 



 Advances in Optical Amplifiers 

 

336 

dropped. However, the agreement between this circuit model and the numerical 
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where gs = (Γgm – αi), h is the Plank’s constant, νs is the signal frequency, νsp is the ASE 
central frequency, As is the cross-section area of the active region in z-direction. Assume that 
the distribution of carrier density N approximates a constant in z-direction and 
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. Eq. (13) is integrated over z from 0 to L. These equations 

are shown as 
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where NT is the total carriers in the active region, ( )=s sG exp g L , ± ±= =
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The principles of FP-SOA, TW-SOA, and LD are identical, but their boundary conditions are 
different. The boundary conditions can be considered: 1) FP-SOA: at z = 0, 
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signalP is the incident signal light power, and 
+ −=in out
sp spP RP ; at z = L, − +=in out
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signal sP P . 3) Laser: no incident signal, ± =in(out)

sP 0 , ± = ∓in out
sp spP RP , and 

± ±= −out out
signal spP (1 R)P , where ±out

signalP is laser output power in ±z-direction. A unified equivalent 
circuit model of SOA and LD is developed for the Eqs. (16)-(18), as shown in Fig. 8, where 
VNt = qVRsp, ENt(VNt) = NT(Rsp), ( )+ −= +in(out) in(out) in(out)

s ,total k s sP g P P , 

( )+ −= +in(out) in(out) in(out)
sp,total k sp spP g P P , and ( )= Γ νk m s sg q g h g . Lossless transmission lines are 

employed with time delay Δ = L/υg from light beams propagating. Using this circuit model 
and suitable boundary conditions, the performances of SOA and LD can be analyzed and 
simulated. 
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Fig. 8. A unified equivalent circuit model of SOA and LD 

3.2 Model validation and analysis of SOA 
To demonstrate the validity of this model, the gain against input signal power is simulated 
for SOAs. First, it is considered the TW-SOA having Rsp = N/τsp = (NT/V)/τsp, τsp is the 
spontaneous carrier lifetime. With τsp = 4ns, ηi = 1, R = 0, Γ = 0.5, a = 5×10-16cm2, N0 = 
1018cm-3, L = 200μm, As = 0.3μm2, V = 60μm3, hνs = 0.8eV, υg = 0.75×108m/s, αi = 0cm-1, and 
βsp = 0 (Adams et al., 1985), the results of the TW-SOA without ASE are shown in Fig. 9. It 
can be shown as expected that the gain of TW-SOAs becomes higher when the higher 
current injects or the lower signal light power inputs to the SOA. In Fig. 9, with the 3mA 
injection current and the -60dBm to -20dBm input signal power, the gain of TW-SOAs is 
fixed about 5.4dB. The influence of input signal power on gain becomes obvious when the 
higher current injects. These simulations are shown as the solid curves. The results of Ref. 
(Adams et al., 1985) are shown as the circle keys. A good agreement between this simulation 
and Ref. (Adams et al., 1985) is observed. 
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Fig. 8. A unified equivalent circuit model of SOA and LD 

3.2 Model validation and analysis of SOA 
To demonstrate the validity of this model, the gain against input signal power is simulated 
for SOAs. First, it is considered the TW-SOA having Rsp = N/τsp = (NT/V)/τsp, τsp is the 
spontaneous carrier lifetime. With τsp = 4ns, ηi = 1, R = 0, Γ = 0.5, a = 5×10-16cm2, N0 = 
1018cm-3, L = 200μm, As = 0.3μm2, V = 60μm3, hνs = 0.8eV, υg = 0.75×108m/s, αi = 0cm-1, and 
βsp = 0 (Adams et al., 1985), the results of the TW-SOA without ASE are shown in Fig. 9. It 
can be shown as expected that the gain of TW-SOAs becomes higher when the higher 
current injects or the lower signal light power inputs to the SOA. In Fig. 9, with the 3mA 
injection current and the -60dBm to -20dBm input signal power, the gain of TW-SOAs is 
fixed about 5.4dB. The influence of input signal power on gain becomes obvious when the 
higher current injects. These simulations are shown as the solid curves. The results of Ref. 
(Adams et al., 1985) are shown as the circle keys. A good agreement between this simulation 
and Ref. (Adams et al., 1985) is observed. 



 Advances in Optical Amplifiers 

 

340 

 

 
 

Fig. 9. Gain against input signal power for TW-SOA 

Next, it is considered the FP-SOA having ( )22
sp TR BN B N V= = , B is the bimolecular 

recombination coefficient. The same parameters are used in the first example except R = 
0.01, B = 10-10cm3/s, αi =25cm-1, βsp = 10-4 (Adams et al., 1985), and the threshold current 
Ith≈ 3.93mA can be obtained. FP-SOAs must be biased below the threshold current. In Fig. 4, 
the 0.99Ith, 0.95Ith and 0.9Ith injection currents are used, and the results of the FP-SOA 
without and with ASE are shown in Fig. 10(a) and (b), respectively. Similar to the TW-SOA, 
the gain of FP-SOAs becomes higher when the injection current more tends to the threshold 
current or the lower signal light power inputs to the SOA. In Fig. 10(b), it can be observed 
that the degeneration of the gain of FP-SOAs is influenced by ASE, it becomes more obvious 
when the injection current tends to the threshold current. These simulations (solid curves) 
are in good agreement with Ref. (Adams et al., 1985) (circle keys). The agreement can 
indicate the validity of this model for TW-SOA and FP-SOA. 
In this simplified model shown above, the non-uniformity of carrier density is neglected. In 
fact, the carrier density is non-uniform along the SOA active region. In this simplified SOA 
model, the rate equation for spatially averaged values of carrier density is used, and the 
simulation results of gain are slightly high in comparison with a real SOA (Giuliani & 
D'Alessandro, 2000). However, the simplified model can be helpful for the coarse definition 
of SOA’s parameters. More accurate results can be obtained by the method of cascading, i.e., 
by subdividing the SOA into many longitudinal sections and using a simplified model with 
uniform carrier density for each section (Giuliani & D'Alessandro, 2000). In this simulation, 
the SOA can be also divided into many sections, and the circuit model as Fig. 8 can be used 
for each section, as done in the multi-section circuit model of fiber lasers (Liu et al., 2002). 
However, the tradeoff between the result accuracy and the model complexity should be 
considered. 
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Fig. 10. Gain against input signal power for FP-SOA (a) without ASE and (b) with ASE 

3.3 Static and dynamic analysis of laser diode 
Then, the characteristics of LD are also analyzed by this model. The parameters used are the 
same as those of the above example for the FP-SOA. The light output power against 
injection dc current is simulated for laser diodes having different reflectivity of facets and 
the results are shown in Fig. 11(a). The higher reflectivity of facets is, and the lower 
threshold current of the laser is. The threshold current can be expressed as (Liu, 1996), 

 th sp th
i

1I qVR (N )=
η

 (19) 
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3.3 Static and dynamic analysis of laser diode 
Then, the characteristics of LD are also analyzed by this model. The parameters used are the 
same as those of the above example for the FP-SOA. The light output power against 
injection dc current is simulated for laser diodes having different reflectivity of facets and 
the results are shown in Fig. 11(a). The higher reflectivity of facets is, and the lower 
threshold current of the laser is. The threshold current can be expressed as (Liu, 1996), 
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where ( )th 0 totN N a= + α Γ  and ( )tot i ln R Lα = α − . The threshold current versus reflectivity 
of facets is shown in Fig. 11(b). The circle keys and the solid curve represent, respectively, 
these simulations and the results of Eq. (19), and the results of the both methods are 
agreeable. 
 

 
 

 
 

Fig. 11. (a) L-I curve of LDs and (b) the threshold current vs. reflectivity of facets 
In Fig. 12 (a), the frequency responses of the laser diode are shown using this circuit model. 
The 10% current modulation index is used in these ac analyses. The responses have different 
peak values at different bias currents. When the bias current becomes higher, the peak 
frequency becomes also higher. The peak frequency can be written as (Liu, 1996), 
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The peak frequency as a function of bias current is shown in Fig. 12(b). The circle keys 
exhibit these simulations and the results of Eq. (20) are represented by the solid curve. These 
simulations are in good agreement with the results of this formula. 
 

 

 
Fig. 12. (a) Frequency responses of LDs and (b) the peak frequency vs. bias current 
The transient responses of laser diodes are analyzed during the switching of current. The 
feature of relaxation oscillation and turn-on delay can be observed in this simulation, as 
shown in Fig. 13(a). When the turn-on current is higher, the relaxation frequency becomes 
higher and turn-on delay time is shorter. The turn-on delay time and the relaxation 
frequency can be formularized as (Liu, 1996), 
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where ( )th 0 totN N a= + α Γ  and ( )tot i ln R Lα = α − . The threshold current versus reflectivity 
of facets is shown in Fig. 11(b). The circle keys and the solid curve represent, respectively, 
these simulations and the results of Eq. (19), and the results of the both methods are 
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Fig. 13. (a) Transient responses of LDs, and (b) the turn-on delay time and the relaxation 
frequency vs. bias current 
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4. Conclusions 
An equivalent circuit model of EDFA including ASE is developed. A good agreement 
between the measured data and this simulation is obtained in the static gain analysis of 
EDFA. A rough ASE spectrum of EDFA can also be simulated. Furthermore, these 
simulation results are also in agreement with the numerical computations in the dynamic 
gain analysis of EDFA. The transient response analyses of a two-channel EDFA system 
using this circuit model have been demonstrated. Moreover, this circuit model can also be 
extended to simulate the multichannel, backward-pump, or bidirectional-pump EDFA 
systems. Besides, this approach could also be applied to develop other numerical model or 
Simulink model of EDFAs including ASE. 
A unified equivalent circuit model of semiconductor optical amplifiers and laser diodes is 
proposed. The model has been verified by analyzing 1) the gain against input signal power 
in FP-SOAs and TW-SOAs and 2) the L-I curve, small signal response, and pulse response in 
laser diodes. The simulation results of this model showed a good agreement with the 
published results. 
Through the aid of SPICE circuit simulator, it is convenient to implement these circuit 
models. These equivalent circuit models of optical amplifiers can be also extended to 
include other effects or devices such as modulators, fibers, multiplexers, and parasitic 
components. The circuit models may be of great value for integrated circuit designers 
requiring an equivalent circuit model for the amplifiers of the optical communication 
systems in order to simulate accurately the mixed photonic/electronic modules. 
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1. Introduction  
Fibre Raman amplifiers (FRAs) use optical pumping to provide low-noise gain in fibre 
waveguides by means of stimulated Raman scattering (SRS). They can be operated over a 
range of telecommunications windows, from below 1300 nm to beyond 1650 nm, often with 
broader spectra than those of erbium doped fibre amplifiers (EDFAs). The gain medium can 
be transmission fibre or dispersion compensating fibre (DCF). DCF-based Raman amplifiers 
simultaneously boost the propagating signals and compensate for accumulated chromatic 
dispersion, thereby fulfilling a dual role (Bromage, 2004, Urquhart et al., 2007). 
Dispersion compensating Raman amplifiers (DCRAs) normally consist of modules 
incorporating several kilometres of DCF plus up to around twelve pumps at different 
wavelengths (Islam, 2004; Namiki et al., 2005), usually launched contra-directionally with 
respect to the signals, as illustrated in Fig. 1. The Raman gain is often several decibels above 
the transparency condition of the DCF medium to mitigate the loss of associated passive 
components. A single pump excites a gain profile with a full width at half height of ~7 GHz 
but it is far from spectrally uniform, rendering it unsuitable for wavelength division 
multiplexed (WDM) communications. Gain flattening is thus required and it is normally 
achieved by the multiple pumps. Complicated optical interactions occur within the fibre, in 
which power is coupled from the pumps to the signals, from one pump to another and from 
one signal to another. Additionally, there are the noise processes of amplified spontaneous 
Raman scattering and amplified distributed Rayleigh backscattering, which can be 
sufficiently powerful to contribute to the gain saturation. Nevertheless, by carefully 
optimising the launched powers, the desired spectral equalisation can be achieved. 
Multi-wavelength pumped DCF modules have been used to provide gain bandwidths that 
exceed 100 nm with uniformities of better than 0.3 nm but they are complicated sub-systems 
(Giltrelli and Santagiustina, 2004; Namiki et al., 2004; Neto et al, 2009). Wavelength-
stabilised pump lasers are expensive and the resulting gain spectra are sensitive to the 
precise values of the launched powers. Sophisticated simulation software with advanced  
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Fig. 1. Dispersion compensating fibre Raman amplifier with contra-directional multi-
wavelength pumping. mux = pump-signal wavelength multiplexer. 

optimisation algorithms is required to predict the best operating conditions. However, gain 
uniformity is perturbed by small changes in the power of any of the waves propagating in 
the fibre. Therefore, the possibility of, for example, the failure of a few channels, the 
addition of fibre splices elsewhere in the network or electrical power feed fluctuations to the 
pumps requires that there be continuous monitoring and re-optimisation. 
The aim of this chapter is to present simulation results for a simpler and cheaper strategy for 
gain-equalised DCRAs and to understand its limitations.  They are pumped with only two 
backward-propagating wavelengths (Koch et al., 1999) to obtain very broad spectra and 
then a customised gain equalising filter (GEF) provides profile uniformity comparable to the 
multi-wavelength strategy outlined above. Such amplifiers are relatively simple, offering 
application in cost-constrained networks, such as shorter regional links and in the 
metropolitan area, where large numbers of WDM channels are being deployed.  We describe 
how they can amplify over 100 channels on the 100 GHz ITU-T dense WDM grid (ITU-T, 
2002) with acceptable noise performance and achieve spectral equalisation of under 0.4 dB 
in typical operation. Moreover, they can tolerate growth in the number of channels, without 
necessarily having to change filter specifications. We have designed customised thin film 
transmission filters with spectral profiles specifically for this role and we explain their 
encouraging operational flexibility.  

2. Overview of fibre Raman amplifiers 
The SRS, upon which Raman amplification is based, is an inelastic scattering process, in 
which a pump wave, of frequency νp, surrenders energy to the medium through which it 
passes. The wave causes the medium’s molecules to vibrate and any propagating signal at a 
lower frequency νs then receives energy from these excited molecules, producing additional 
photons at νs that are in phase with those of the signal; the result is amplification. An FRA 
can be provided, as shown in Fig. 1, by launching one or more pump waves into the same 
fibre as the signal(s). In this way, the signal(s) experience gain during transit in the fibre. 
FRAs are “non-resonant”; in contrast to EDFAs, their operation does not depend on 
electronic energy levels. The non-resonant nature of SRS permits amplification over all 
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spectral regions where the fibre does not exhibit high loss, merely by the provision of one or 
more pump lasers of suitable wavelength and power. A single optical pump provides a gain 
profile that is characteristic of the fibre’s glass constituents in the form of a spectrum of 
frequency shifts from νp to lower frequencies (i.e. longer wavelengths). The peak shift, which 
is material dependent, is commonly ~13 THz from νp. A profile for one reported DCF design 
is included in Fig. 2, from which a key feature for this chapter is evident: the gain is not at all 
spectrally uniform (Miyamoto et al., 2002; Namiki et al., 2005). The best pumping efficiencies 
are achieved by using fibre types with a small effective area (Aeff) to maximise the power 
concentration. This fact favours DCF as a Raman gain medium because in most designs Aeff 
is 15–25 μm2, which is about a quarter of the value of many transmission fibres. 
 

 
Fig. 2. Multi-wavelength pumping method of gain equalisation of a DCRA. The gain profile 
on the top right is adapted from Namiki et al., 2005. Other features are schematic. 

Figure 2 shows how multi-wavelength pumping can provide spectral gain flattening. Every 
propagating pump contributes a gain profile and then a wide overall bandwidth of 
acceptable uniformity is obtained by launching several pumps of suitably optimised powers 
and wavelengths. However, as stated in Section 1, many interactions contribute to the 
amplification. Predicting the correct powers with only two pumps is reasonably 
straightforward using trial and error or by a simple systematic search procedure (as we have 
done). However, the effort becomes ever greater and the sensitivity to launched powers 
grows as the number of pumps is increased. Advanced optimisation algorithms are thus 
used to achieve gain flattening over a wide bandwidth (Cui et al., 2004; Miyamoto et al., 
2002; Neto et al., 2009; Zhou et al., 2006). 
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Noise adversely affects all communications systems and in digital operation it increases the 
probability of bit errors (Urquhart, 2008). There are three main noise processes in FRAs: 
amplified spontaneous Raman scattering (often called amplified spontaneous emission, 
ASE), Rayleigh backscattering (RBS) and relative intensity noise (RIN) transfer. ASE is often 
the most prominent one and results from “spontaneous” Raman scattering, which occurs in 
a pumped fibre, irrespective of the presence of signal photons. Spontaneously scattered 
photons, which are created all along the fibre, encounter further excited (vibrating) 
molecules, caused by the presence of the pump, and they are amplified. The ASE power 
grows bi-directionally, sometimes reaching significant magnitudes with respect to the 
signal. It is broad bandwidth and unpolarised and it is transmitted to the detectors along 
with the signals, where it reduces the optical signal-to-noise ratio (SNR).  
Rayleigh scattering results from microscopic random fluctuations in the glass’s refractive 
index, which exist even in high quality fibres (Bromage et al., 2004; Jiang et al., 2007a). 
Variations that happen to be λ/4 for any of the guided waves provoke weak reflections that 
add in phase, creating a distributed reflector. The pump, signal and bi-directional ASE 
waves are all reflected but, unlike SRS, the process is “elastic” and so there are no frequency 
shifts. Rayleigh scattered waves are themselves reflected, causing double scattering. As the 
backscattered waves progress in the fibre they experience amplification, due to the presence 
of pump photons, becoming reasonably powerful. RBS enhances the ASE power and it 
causes time-delayed replicas of the signals to be incident on the detectors. In either case, the 
consequence is a reduction of the SNR. 
Normally, the pump lasers are continuous wave but, owing to the oscillatory interactions 
within their semiconductor active media, they always exhibit random high frequency 
temporal power fluctuations, known as RIN. Raman gain occurs within a silicate fibre on a 
sub-picosecond time scale and so it is almost instantaneous. Consequently, when the pumps 
and signals travel in the same direction in the fibre, the random fluctuations of the pumps 
are directly transferred to the signals and the effect is amplified within the gain medium. 
Fortunately, there is a simple means to reduce the problem significantly, which is contra-
directional pumping, as shown in Fig. 1. The waves then pass through each other, providing 
good time averaging during transit. Throughout this chapter, we assume the use of such 
pump schemes and so RIN transfer is ignored in our analysis. 

3. Theory 
The optical fibre gain medium, such as in Fig. 1, has a length coordinate z, which ranges 
from 0, at the signal input, to L, at the pump launch point. It is specified by a Raman 
material gain coefficient, g (W.m-1), an effective area, Aeff (m2), a loss coefficient, α (m–1) and 
a Rayleigh scattering coefficient γ (m–1). All of these parameters depend on the fibre’s glass 
composition and waveguide design and they vary with wavelength (Jiang et al., 2007b). 
When modelling FRAs it is convenient to define a gain efficiency, Γ (W-1· km-1) for any two 
interacting frequencies νi and νj (corresponding to wavelengths λi and λj): 

 jieffj,iji <;AKg=),( ννννΓ  (1) 

The constant K accounts for the polarisation states of the two interacting waves and in most 
circumstances, where there is good randomisation, K = 2. A plot of Γ, which applies when λp 
is 1511 nm (Namiki et al., 2005), is included in Fig. 2. The values presented can be scaled for 
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another pump wavelength, λp-new in nm, using Γ(λp-new) = (λp-new/1511) Γ. Plots of α(λ) and 
γ(λ) for the same DCF type are also presented by Namiki and Emori, 2005. 
The signal and pump waves enter the amplifier at z = 0 and z = L, respectively and broad 
band bi-directional ASE grows throughout the fibre. Raman interactions occur between any 
pair of guided waves (be they pump, signal or ASE) regardless of their wavelengths, 
direction of propagation or whether they are modulated to vary in time. Power transfer is 
from the higher frequency (shorter wavelength) waves to the lower frequency (longer 
wavelength) ones. Moreover, all guided waves are subject to both loss and RBS. The 
amplifier is modelled by establishing sets of bi-directional differential equations to account 
for all of these influences.  
The format that we use in Sections 5 – 8 is stated in Equation (2), the derivation of which is 
outside the scope of this chapter, but details are in Agrawal, 2005 and Islam et al., 2004. 
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where Pi,j = [ −+ + jj PP ]. Equation (2) describes the evolution of all of the propagating waves: 
the pumps, the signals plus a segmentation of the bidirectional ASE into N bands of width 
Δν that are sufficiently narrow to provide realistic spectral resolution but not so numerous 
as to create excessive computation. The length-independent terms p0i,j are the “spontaneous 
scattering equivalent input powers”, given by p0i,j = 2hνi,j Δν, where h is Planck’s constant 
and the factor of 2 accounts for the fibre’s orthogonal polarisation modes. The factor of 2 
within the fourth term on the right of Equation (2) results from the two directions of the 
ASE. The function H, called the “ASE thermal factor” or “Bose-Einstein factor”, quantifies 
the temperature variation of the spontaneous scattering, (Lewis et al., 1999): 

 1
Bijij }1]Tk)(h[exp{1)(H −−ν−ν⋅+=ν−ν , (3) 

where kB is the Boltzman constant and T is the temperature (Kelvin). 
The amplifier’s “net” (or “input-output”) gain, Gnet is specified as the ratio of signal powers 
at one of the channel wavelengths, Gnet = P(λs, z = L)/P(λs, z = 0), and it is converted to 
decibels when necessary. Another definition, the “on-off” gain, is important for distributed 
amplification (Urquhart, 2008) but it is not used here. Equation (2) is a comprehensive 
model, incorporating many phenomena, at the cost of sacrificing physical insight. With this 
limitation in mind, we have derived an approximate analytical formula for dual wavelength 
pumping and it is stated as an appendix in Section 11. 
The noise performance of an optical amplifier is specified by its “noise figure” (NF), which 
should be minimised when other considerations, such as cost, permit. When regarded as a 
black box, Raman (or other phase-insensitive) amplifiers exert three main influences: they 
amplify the signal(s), amplify the incident noise and add noise of their own. The NF 
quantifies the amplifier’s deterioration of the optical SNR.  It is the ratio of the optical SNR 
at input and output of the amplifier, as measured within a narrow optical bandwidth Δν, and 
the format that we use is: 
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+
ASEP  is the forward propagating ASE power within Δν, imposed by a filter at the detector 

that is centred on signal frequency νs. +
RBSP is the Rayleigh backscattered power incident on 

the detector within a bandwidth B (in Hz) defined by an electrical filter. Care is required to 
account for the states of polarisation in the RBS contribution; Bromage et al., 2004 explains 
the need for a factor of 5/9 in the equations. The literature on distributed Raman amplifiers 
often refers to an “effective noise figure” (Agrawal, 2005) but it is not used here. 
Amplifiers are commonly concatenated or used together with loss elements, such as passive 
spans of fibre and optical components. Their total noise figure can be determined from the 
“Friis cascade formula” (Desurvire, 1994). For two elements with net gains G1 and G2, 
having noise figures NF1 and NF2, respectively, 

 ,G/)1NF(NFNF 121total −+=  (5) 

where all terms are linear (not decibel) quantities. A passive loss element can be assigned a 
“gain” in the range 0 < Gloss < 1 but it produces neither ASE nor significant RBS noise. Thus, 
by Equation (4), it has a noise figure of 1/Gloss, which is greater than unity. A key property 
of Equation (5) is that it is non-commutative; the order of its constituents matters. The total 
noise figure for a loss element that precedes an FRA is NFtotal = NFFRA/Gloss. In contrast, if 
the loss follows the FRA, Equation (5) gives NFtotal = NFFRA + (1 – Gloss)/(Gloss· GFRA). 
Substitution of some typical values, such as Gloss = ½ , GFRA = 10 and NFFRA = 6, reveals that 
the lowest total noise figure is obtained by placing the passive loss after the fibre Raman 
amplifier. A loss element in front of it attenuates the signal plus any input noise. Thereafter, 
the amplifier provides gain and (importantly) it adds noise in the process. However, if the 
loss follows the amplifier, the amplified signal plus the added noise are attenuated equally 
by the loss element. For this reason, the GEF and associated components that we consider 
are located after the amplifying fibre, further details of which are in Section 4. 
Guided waves in optical fibres are subject to nonlinear optical interactions, such as self-
phase modulation, cross-phase modulation and four-wave mixing, all of which increase the 
bit error rate. Normally the effects are not problematical in a few kilometres of fibre but 
DCFs have small core diameters and high germania-content glasses, both of which enhance 
the nonlinear optical processes (Boskovic et al., 1996). Moreover, the Raman gain maintains 
a higher signal power along the fibre, which is also detrimental in this respect. The key 
effects that cause nonlinear crosstalk in optical systems all depend on a nonlinear phase 
shift, which is determined by a path-averaged power at each signal wavelength λs: 
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where n2 is the nonlinear refractive index (m2.W-1) of the core of the DCF. A typical value of 
the ratio n2/Aeff for DCF is 1.55 x 10-9 W-1, which is higher than for standard single mode 
transmission fibre, mainly due to the difference in effective areas. The value of ΦNL (radians) 
should be as low as possible and so it provides a means to compare FRAs in different 
operating regimes. Equation (6) is used in Section 8 in this comparative manner. 
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4. Gain spectrum equalisation 
Our simple method to obtain gain equalisation is illustrated in Fig. 3, in which there are only 
two pumps plus a customised GEF. The filter is electrically passive, requiring neither power 
feeds nor control circuits.  It is placed after the DCF to minimise the impact on the overall 
noise figure and lessen the disruption in the event of post-installation upgrades. The optical 
isolator prevents reflections from the GEF re-entering the amplifier and causing multipath 
interference noise. The two pumps provide a straightforward means to obtain a broad 
composite gain profile that has two peaks with a central minimum between them. We refer 
to the gain at this central minimum as the “baseline”. The GEF is then designed to suppress 
the gain above the baseline by presenting a wavelength-dependent passive loss, as shown in 
Fig. 3. Thus the filter’s transfer function, T(λ) is the inverse of the gain curve above the 
baseline. The gains are in decibels but T(λ) is linear: 
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The GFFs that we simulate are thin film interference filters, composed of alternating layers 
of high and low refractive index dielectrics deposited on a transparent substrate (Macleod, 
2010). Two favoured vitreous film materials for operation in the S-, C- and L- bands are 
silica (SiO2) and tantalum pentoxide (Ta2O5), which have refractive indices at 1550 nm of 
~1.465 and ~2.065, respectively. We assume a substrate refractive index of 1.55 and that the 
entry medium is air. Thin film filters are a versatile and mature technology with dependable 
design and fabrication methodologies that allow excellent quality control and good 
production yields. Low cost and robust packaging is available with single mode fibre 
pigtails and low insertion losses. Moreover, thin films are one of the most thermally 
insensitive filter types, making them ideal for outdoor applications (Takahishi, 1995). 
 
 

 
 

Fig. 3. The use of a passive thin film gain equalisation filter (GEF) to provide spectral 
flattening of a dual-wavelength pumped dispersion compensating fibre Raman amplifier. 
The thin film structure is not to scale and is shown unpackaged. 
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+
ASEP  is the forward propagating ASE power within Δν, imposed by a filter at the detector 

that is centred on signal frequency νs. +
RBSP is the Rayleigh backscattered power incident on 

the detector within a bandwidth B (in Hz) defined by an electrical filter. Care is required to 
account for the states of polarisation in the RBS contribution; Bromage et al., 2004 explains 
the need for a factor of 5/9 in the equations. The literature on distributed Raman amplifiers 
often refers to an “effective noise figure” (Agrawal, 2005) but it is not used here. 
Amplifiers are commonly concatenated or used together with loss elements, such as passive 
spans of fibre and optical components. Their total noise figure can be determined from the 
“Friis cascade formula” (Desurvire, 1994). For two elements with net gains G1 and G2, 
having noise figures NF1 and NF2, respectively, 
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bit error rate. Normally the effects are not problematical in a few kilometres of fibre but 
DCFs have small core diameters and high germania-content glasses, both of which enhance 
the nonlinear optical processes (Boskovic et al., 1996). Moreover, the Raman gain maintains 
a higher signal power along the fibre, which is also detrimental in this respect. The key 
effects that cause nonlinear crosstalk in optical systems all depend on a nonlinear phase 
shift, which is determined by a path-averaged power at each signal wavelength λs: 
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where n2 is the nonlinear refractive index (m2.W-1) of the core of the DCF. A typical value of 
the ratio n2/Aeff for DCF is 1.55 x 10-9 W-1, which is higher than for standard single mode 
transmission fibre, mainly due to the difference in effective areas. The value of ΦNL (radians) 
should be as low as possible and so it provides a means to compare FRAs in different 
operating regimes. Equation (6) is used in Section 8 in this comparative manner. 
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noise figure and lessen the disruption in the event of post-installation upgrades. The optical 
isolator prevents reflections from the GEF re-entering the amplifier and causing multipath 
interference noise. The two pumps provide a straightforward means to obtain a broad 
composite gain profile that has two peaks with a central minimum between them. We refer 
to the gain at this central minimum as the “baseline”. The GEF is then designed to suppress 
the gain above the baseline by presenting a wavelength-dependent passive loss, as shown in 
Fig. 3. Thus the filter’s transfer function, T(λ) is the inverse of the gain curve above the 
baseline. The gains are in decibels but T(λ) is linear: 
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silica (SiO2) and tantalum pentoxide (Ta2O5), which have refractive indices at 1550 nm of 
~1.465 and ~2.065, respectively. We assume a substrate refractive index of 1.55 and that the 
entry medium is air. Thin film filters are a versatile and mature technology with dependable 
design and fabrication methodologies that allow excellent quality control and good 
production yields. Low cost and robust packaging is available with single mode fibre 
pigtails and low insertion losses. Moreover, thin films are one of the most thermally 
insensitive filter types, making them ideal for outdoor applications (Takahishi, 1995). 
 
 

 
 

Fig. 3. The use of a passive thin film gain equalisation filter (GEF) to provide spectral 
flattening of a dual-wavelength pumped dispersion compensating fibre Raman amplifier. 
The thin film structure is not to scale and is shown unpackaged. 
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Light incident on the boundary between two films encounters a refractive index 
discontinuity, causing partial transmission and partial reflection. It also undergoes thickness 
and refractive index dependent phase changes in transmitting within each film. Filter 
simulation normally uses a matrix methodology with complex electric fields to account for 
the infinite number of coherent superpositions that occur during transit through a multi-
layer film stack. The end result is a filter transfer function, normally expressed as the 
wavelength variation of the transmittance, T(λ), the real function used in Equation (7). 
The matrix formulation of thin film optics predicts T(λ) for a user-defined film stack but it 
does not do the opposite and specify the stack structure to create a user-defined T(λ). For 
that we need to supplement the matrix calculations with an optimisation procedure. The 
approach that we used is called the “needle method” (Tikhonravov et al., 1966; Sullivan and 
Dobrowolski, 1996; Thelen et al., 2001), which is a numerical technique that inserts a small 
needle into an empty or a given starting structure. The needle is a layer of a refractive index 
which is lower than that of the surrounding material. After its insertion, a merit function is 
calculated and the algorithm changes the position of the needle. (The merit function is 
commonly a root mean square difference between the target value of T(λ) and the value 
obtained.) The algorithm repeats the needle placement until all positions have been 
evaluated and it then fixes the needle at the one with the lowest merit value. Many needles 
must be inserted until an acceptable design is found. Often a needle is placed adjacent to 
another one, which indicates that the thickness of the existing needle is insufficient and that 
a thicker layer yields a better merit value. Some implementations combine those needles 
into one layer; others refine the thicknesses after every insertion. 
We performed the algorithm by using needles of different thickness to achieve an almost 
refined result at the end of each insertion step. This is a simple approach which achieves 
desirable sub-optimal designs. Takashashi, 1995 explains how sub-optimal designs of thin 
film filters are less sensitive to fabrication errors and temperature fluctuations. Depending 
on the accuracy chosen for incrementing the thickness and position, there are k calculations 
for the thickness and for each thickness there are m calculations for every position. We 
therefore had to compute k· m merit values for each needle, which can be very time 
consuming. However, because all of these calculations were based on the same TFF 
structure, we could subdivide them into small packets of parameters that were distributed 
to many computers, allowing us to reduce the time to obtain a result and/or to use a smaller 
step size to find a more optimised TFF. Nevertheless, even with a network of 20 standard 
desktop PCs, each synthesis could take several days of run time. 
It is instructive to contrast the computer processing requirements of the two gain 
equalisation strategies: multiple pumps (Fig. 1) or dual pumps plus a static GEF (Fig. 3). 
Multi-wavelength pumping imposes more demanding pump power optimisation, which 
can be in real time to adapt to revised network requirements. In the GEF strategy the heavy 
computation is performed during the filter’s development but it is not in real time. After 
GEF installation, any adjustment of the amplifier’s pumps is relatively straightforward 
because there are only two to control. (Our approximate analytical model in Section 11 
provides an insight into this aspect.) In effect, the computational burden is thus shifted from 
amplifier operation to the GEF production. A comparison of the two strategies is outside the 
scope of this chapter. However, a key consideration is the flexibility to adapt to changing 
amplifier operating requirements: does a sub-optimal filter synthesis leave sufficient latitude 
for network upgrading? This theme is addressed Sections 6 and 7. 
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5. Small signal and saturation regimes with a GEF 
We start by simulating the net gain form 10 km of DCF and the results are plotted in Fig. 4. 
DCF spans are determined primarily by the transmission system’s chromatic dispersion 
(Grüner-Nielsen et al., 2006). Our choice of 10 km is slightly longer than usual to provide 
pessimistic values of unpumped losses and a more challenging gain profile to flatten. The 
(contra-directional) pumps were at λp1 = 1435 nm and λp2 = 1485 nm to provide 
amplification across all of the communications C-band plus parts of the S- and L- bands.  
In order to obtain small signal behaviour, we launched 151 channels separated by 100 GHz 
(over an extension of the ITU-T DWDM grid) with powers of -35 dBm per channel. Our total 
launched signal power was therefore 47.8 µW and the resulting signal wavelength range 
was between 1490 and 1611 nm. The 115 exiting channels from 1514 to 1606 nm are plotted 
as Curve a on Fig. 4. The pump powers, specified in Table 1, were chosen to ensure two 
peaks of equal magnitude and a minimum between them that is as close as possible to 3 dB, 
which was our selected baseline gain. The difference between the baseline and the gain 
peaks is the “excursion” and in Curve a it is 2.93 dB, which applies at ~1534 nm and ~1590 
nm. We chose a baseline of 3 dB as it would be useful to overcome additional losses of 
associated components, such as the multiplexer and isolator shown in Fig. 3. Alternatively, 
suitably selected pump powers enable other values, as addressed in Section 7. The analytical 
model that we report in Section 11 gives further insight into the small signal limit. 
We turn to saturated operation. In Curve b in Fig. 4 we used the same pump powers as in 
the small signal simulation but we launched 115 signals with the higher powers of -3 
dBm/channel, causing two main effects: pump depletion and signal-to-signal Raman  
 

 
Fig. 4. Gain spectra for a dual-wavelength pumped DCF of length L = 10 km.  Curve a: small 
signal operation, 151 channels with – 35 dBm/channel (but only 115 of them are plotted). 
Curves b and c: 115 channels spaced 100 GHz with –3 dBm/channel. The pump powers are 
stated in Table 1. 
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5. Small signal and saturation regimes with a GEF 
We start by simulating the net gain form 10 km of DCF and the results are plotted in Fig. 4. 
DCF spans are determined primarily by the transmission system’s chromatic dispersion 
(Grüner-Nielsen et al., 2006). Our choice of 10 km is slightly longer than usual to provide 
pessimistic values of unpumped losses and a more challenging gain profile to flatten. The 
(contra-directional) pumps were at λp1 = 1435 nm and λp2 = 1485 nm to provide 
amplification across all of the communications C-band plus parts of the S- and L- bands.  
In order to obtain small signal behaviour, we launched 151 channels separated by 100 GHz 
(over an extension of the ITU-T DWDM grid) with powers of -35 dBm per channel. Our total 
launched signal power was therefore 47.8 µW and the resulting signal wavelength range 
was between 1490 and 1611 nm. The 115 exiting channels from 1514 to 1606 nm are plotted 
as Curve a on Fig. 4. The pump powers, specified in Table 1, were chosen to ensure two 
peaks of equal magnitude and a minimum between them that is as close as possible to 3 dB, 
which was our selected baseline gain. The difference between the baseline and the gain 
peaks is the “excursion” and in Curve a it is 2.93 dB, which applies at ~1534 nm and ~1590 
nm. We chose a baseline of 3 dB as it would be useful to overcome additional losses of 
associated components, such as the multiplexer and isolator shown in Fig. 3. Alternatively, 
suitably selected pump powers enable other values, as addressed in Section 7. The analytical 
model that we report in Section 11 gives further insight into the small signal limit. 
We turn to saturated operation. In Curve b in Fig. 4 we used the same pump powers as in 
the small signal simulation but we launched 115 signals with the higher powers of -3 
dBm/channel, causing two main effects: pump depletion and signal-to-signal Raman  
 

 
Fig. 4. Gain spectra for a dual-wavelength pumped DCF of length L = 10 km.  Curve a: small 
signal operation, 151 channels with – 35 dBm/channel (but only 115 of them are plotted). 
Curves b and c: 115 channels spaced 100 GHz with –3 dBm/channel. The pump powers are 
stated in Table 1. 
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Operating mode Channel power, dBm Power λ 1435 , mW Power λ 1485 , mW 
Small signal -35 173.3 89.1 

Saturating signal, no 
pump readjustment -3 173.3 89.1 

Saturating signal with 
pump readjustment -3 373.2 129.3 

Table 1. Pump powers for different operation modes for Figs. 4 and 5. 
interactions. Consequently, the gains are lower and there is an overall tilt, the most obvious 
manifestation of which is that the long wavelength peak is higher than the short wavelength 
peak. Curve c of Fig. 4 also uses 115 saturating signals of -3 dBm/channel but the pump 
powers have been readjusted to ensure two equal peaks and a central minimum of 3 dB. As 
stated in Table 1, higher pump powers were required to achieve this condition. In Curve c 
the operating bandwidth is about 88 nm and the gain excursion is now 3.56 dB. 
The amplifier’s noise figures are plotted in Fig. 5, where the curves correspond directly to 
those of Fig. 4. Small signal operation provides the lowest NF, followed by the saturating 
signals with unadjusted pump powers, followed by the saturated signals with readjusted 
pump powers. All curves show higher values at shorter wavelengths, which results mainly 
from the thermal factor that influences the ASE spectrum. In general, the NF depends on the 
signal and pump powers plus the powers of any other propagating waves, such as the ASE 
and Rayleigh scattering, within the fibre gain profiles. In common with EDFAs and other 
amplifier types, lower signal and ASE powers cause light or negligible saturation and lower 
noise figures. There are two peaks on Curve c associated with the two gain peaks on Fig. 4. 
By re-performing the calculation with γ(λ) = 0 to eliminate all distributed reflections, we 
have found that they are caused largely by Rayleigh backscattering of the signals and ASE. 
 

 
Fig. 5. Noise figure spectra for a dual-wavelength pumped DCF of length L = 10 km. Curve 
a: small signal operation, 151 channels with –35 dBm/channel (but only 115 of them are 
plotted). Curves b and c: 115 channels spaced 100 GHz with –3 dBm/channel. The pump 
powers are stated in Table 1. 
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Fig. 6. Thin film structures formed from layers of SiO2 (refractive index 1.465) in Ta2O5 
(refractive index 2.065).  Top: fifteen-layer filter to flatten Curve a in Fig. 4. Bottom: fourteen-
layer filter to flatten Curve c in Fig. 4. The finer layers are not easily seen. 
 

 
Fig. 7. Gain (top) and noise figure (bottom) spectra for a 10 km DCF Raman amplifier plus 
GEFs. Curve a: small launched signals and the corresponding GEF.  Curves c: saturating 
signals with readjusted pump powers and the corresponding GEF. The pump powers are 
stated in Table 1 and the filter designs are illustrated in Fig. 6. 

An ideal gain profile would be a horizontal line at the 3 dB baseline over a wide range. 
Accordingly, we now turn to the inclusion of a GEF with this aim, as described in Section 4. 
We have designed filters for two cases, bearing in mind that the profile to be flattened 



 Advances in Optical Amplifiers 

 

360 

Operating mode Channel power, dBm Power λ 1435 , mW Power λ 1485 , mW 
Small signal -35 173.3 89.1 

Saturating signal, no 
pump readjustment -3 173.3 89.1 

Saturating signal with 
pump readjustment -3 373.2 129.3 

Table 1. Pump powers for different operation modes for Figs. 4 and 5. 
interactions. Consequently, the gains are lower and there is an overall tilt, the most obvious 
manifestation of which is that the long wavelength peak is higher than the short wavelength 
peak. Curve c of Fig. 4 also uses 115 saturating signals of -3 dBm/channel but the pump 
powers have been readjusted to ensure two equal peaks and a central minimum of 3 dB. As 
stated in Table 1, higher pump powers were required to achieve this condition. In Curve c 
the operating bandwidth is about 88 nm and the gain excursion is now 3.56 dB. 
The amplifier’s noise figures are plotted in Fig. 5, where the curves correspond directly to 
those of Fig. 4. Small signal operation provides the lowest NF, followed by the saturating 
signals with unadjusted pump powers, followed by the saturated signals with readjusted 
pump powers. All curves show higher values at shorter wavelengths, which results mainly 
from the thermal factor that influences the ASE spectrum. In general, the NF depends on the 
signal and pump powers plus the powers of any other propagating waves, such as the ASE 
and Rayleigh scattering, within the fibre gain profiles. In common with EDFAs and other 
amplifier types, lower signal and ASE powers cause light or negligible saturation and lower 
noise figures. There are two peaks on Curve c associated with the two gain peaks on Fig. 4. 
By re-performing the calculation with γ(λ) = 0 to eliminate all distributed reflections, we 
have found that they are caused largely by Rayleigh backscattering of the signals and ASE. 
 

 
Fig. 5. Noise figure spectra for a dual-wavelength pumped DCF of length L = 10 km. Curve 
a: small signal operation, 151 channels with –35 dBm/channel (but only 115 of them are 
plotted). Curves b and c: 115 channels spaced 100 GHz with –3 dBm/channel. The pump 
powers are stated in Table 1. 

Dual-Wavelength Pumped Dispersion-Compensating Fibre Raman Amplifiers   

 

361 

 
Fig. 6. Thin film structures formed from layers of SiO2 (refractive index 1.465) in Ta2O5 
(refractive index 2.065).  Top: fifteen-layer filter to flatten Curve a in Fig. 4. Bottom: fourteen-
layer filter to flatten Curve c in Fig. 4. The finer layers are not easily seen. 
 

 
Fig. 7. Gain (top) and noise figure (bottom) spectra for a 10 km DCF Raman amplifier plus 
GEFs. Curve a: small launched signals and the corresponding GEF.  Curves c: saturating 
signals with readjusted pump powers and the corresponding GEF. The pump powers are 
stated in Table 1 and the filter designs are illustrated in Fig. 6. 

An ideal gain profile would be a horizontal line at the 3 dB baseline over a wide range. 
Accordingly, we now turn to the inclusion of a GEF with this aim, as described in Section 4. 
We have designed filters for two cases, bearing in mind that the profile to be flattened 



 Advances in Optical Amplifiers 

 

362 

depends upon the pumping and saturation details. We constrained each SiO2 layer to be no 
thinner than 10 nm. The film structures that we obtained are depicted, with statements of 
their total stack thicknesses and numbers of needles, in Figs. 6 (top) for small signal 
operation and in Fig. 6 (bottom) for saturating signals with readjusted pumps. Some of the 
layers are very fine and are not easily illustrated. 
Net gain and noise figure spectra with the GEFs included are presented in Fig. 7. Gain 
Curve a is for small signal operation with the small-signal optimised filter (top structure on 
Fig. 6), whereas gain Curve c is for saturated operation with pump power readjustment and 
its corresponding filter (lower structure on Fig. 6). The peak-to-peak ripples on Fig. 7 are 
0.29 dB and 0.37 dB for Curves a and c, respectively. These values compare well to reported 
results using a larger number of pumps but no GEF (Namiki et al., 2001; Giltrelli et al., 2004; 
Cui et al., 2004). The NF curve in Fig. 7 is for saturated operation with the corresponding 
filter included, as determined by the Friis formula (Equation (5) with a passive element that 
follows the gain). The result differs little from Curve c of Fig. 5, which is not surprising; 
losses that come after the gain region in a compound amplifier exert negligible influence on 
its total noise figure. 
We set the NF values on Fig. 7 in context by comparing them with what can be achieved 
using one C-band EDFA with saturating channels. We assume that the lowest loss of a 
passive 10 km DCF module (including one splice between non-identical fibres) is 5.5 dB and 
that the NF for a good gain-saturated commercial EDFA that follows it is 6.5 dB. Thus, the 
NF for the DCF+EDFA combination is 12 dB at best. Alternatively, by bringing the gain 
forward into the DCF via Raman amplification, Fig. 7 shows that NFtotal, which includes the 
GEF and other passive components, is never worse than 11 dB. A Raman-pumped DCF with 
a thin film GEF therefore provides better noise performance than the combined DCF+EDFA 
unit, doing so across a gain bandwidth that is more than twice as wide. 

6. Different channel numbers with one passive GEF 
Several questions remain to assess the suitability of thin film GEFs and we now address two 
of them. The first follows from the variability of the Raman gain profile according to the 
degree of gain saturation and the associated pump powers. Does a static GEF that is 
optimised for amplifiers with a certain number of saturating channels remain useful when 
the system capacity is augmented by adding more channels? Our second question is: Is the 
final gain flattening tolerant to manufacture thickness errors in the thin film filters? 
We started by simulating a DCRA without GEFs. As before, the pumps were backward 
propagating with wavelengths λp1 = 1435 nm and λp2 = 1485 nm but the fibre length was 
11.43 km. In every case the channel powers were –3 dBm and they all lay on ITU-T grid 
lines. We chose the pump powers so that the internal losses of the DCF were compensated 
and, as before, there was an additional margin of at least 3 dB over its operating range to 
accommodate losses of any additional passive components. 
Various channel wavelength plans can be used according to the evolution of capacity 
demand but we simulated a simple one in which the overall bandwidth is constant and the 
inter-channel spacing is reduced. Figure 8 shows gain and noise figure spectra for 30, 40, 60 
and 120 launched channels. In each case we adjusted the pump powers to ensure a gain 
profile with two equal peaks and a baseline of 3 dB. It is clear that the gain excursion 
increases with the number of channels (and the associated pump power adjustment). There 
is also a slight migration of the operating band at the 3 dB baseline to longer wavelengths, 
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Fig. 8. Spectral variation of gain (top) and noise figure (bottom) for a 11.43 km DCF fibre 
Raman amplifier. The number and channel spacings are (a) 30 channels at 400 GHz, (b) 40 
channels at 300 GHz, (c) 60 channels at 200 GHz and (d) 120 channels at 100 GHz. The 
corresponding launched pump powers at 1435 and 1485 nm are (a) 232.9 and 97.8 mW, (b) 
250.5 and 101.7 mW, (c) 288.3 and 109.0 mW and (d) 410.5 and 133.1 mW. 

 

 
Fig. 9. The thin film design for gain equalization when operating with 60 channels spaced at 
200 GHz intervals (corresponding to Curves c of Fig. 8). The arrows indicate the start 
positions of the eighteen SiO2 layers. 
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depends upon the pumping and saturation details. We constrained each SiO2 layer to be no 
thinner than 10 nm. The film structures that we obtained are depicted, with statements of 
their total stack thicknesses and numbers of needles, in Figs. 6 (top) for small signal 
operation and in Fig. 6 (bottom) for saturating signals with readjusted pumps. Some of the 
layers are very fine and are not easily illustrated. 
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owing to the asymmetric Raman gain profile of silica-germania glass. The noise figure 
curves of Fig. 8 exhibit slightly degraded performance with increasing channel numbers, 
and hence greater pump depletion, at shorter length coordinates within the gain medium. 
We have synthesised another thin-film GEF design using the needle method, the details of 
which are shown in Fig. 9 (in a different pictorial format). In searching for solutions we 
accepted a sub-optimal film stack. Raman amplifiers exhibit a diversity of gain profiles and 
we aimed for simple but versatile structures. The filter was targeted at operation with 60 
channels, each of –3 dBm launched power and 200 GHz spacing, in which the pumps were 
selected to ensure a gain profile as in Curve c of Fig. 8. Our filter design procedure predicted 
18 SiO2 layers in a Ta2O5 stack. The total stack thickness was 78 μm and we constrained each 
layer to be no thinner than 10 nm. 
Figure 10 depicts the gain spectra when the GEF is included. When 60 channels of 200 GHz 
spacing are launched, the GEF operates according to its design criteria and the resulting 
peak-to-peak gain ripple is 0.30 dB over the range 1517 – 1607 nm. If there are only 30 
channels with 400 GHz spacing, the filter no longer satisfies its ideal design condition and 
the peak-to-peak ripple is 0.38 dB within the range 1520 – 1599 nm. This small sacrifice in 
flattening and bandwidth is tolerable in many situations. Alternatively, if the channel 
density is increased above the GEF design target to 100 GHz spacing, there is a greater 
deterioration in performance and the peak-to-peak ripple is 0.55 dB within the range 1524 – 
1596 nm. Nevertheless, such performance can be acceptable when the signals pass through 
only a small number of amplifying stages. 
As argued in Section 3, a loss element that is located after a gain medium exerts little 
influence on the total noise figure. We have computed the noise figures for the whole 
assembly (in which the GEF is the one in Fig. 9) using the Friis cascade formula of Equation 
(5) and found that the resulting curves always lie within 0.15 dB of their counterparts in the 
bottom graph of Fig. 8. 
 

 
Fig. 10. Spectral variation of gain when the GEF design in Fig. 9 is placed after the DCF. The 
channel number and spacing are 30 channels at 400 GHz, 60 channels at 200 GHz and 120 
channels at 100 GHz. The launched pump powers are as in Fig. 8. 

Errors in film thickness during fabrication lead to filters with spectral characteristics that 
differ from their design target and so cause a deterioration in the amplifier’s gain flatness. 
The errors can be in the form of relative or absolute film thicknesses (Thelen et al., 2002). We 
have applied a random number generator to simulate relative and absolute errors of 0.25% 
and 1.5 nm, respectively in the layers of the filter depicted in Fig. 9. (These values 
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significantly exceed the ones reported in Verly et al., 2002 and Thelen et al., 2002.) In this 
way we have simulated 100 fabricated filters for each of the two types of errors and we then 
selected the worst of each batch. Figure 11 shows the gain variation with the application of 
the two worst filters in which 60 channels were launched and it can be seen that the peak-to-
peak gain ripples increase to 0.37 and 0.39 dB for the relative and absolute errors, 
respectively. Such values are tolerable in many applications. 
In this section we have shown that, when there is freedom to readjust the launched pump 
powers, a filter that is designed for use with a certain number of saturating signals can still be 
applicable as the network is upgraded by adding channels. We have also studied the influence 
of film thickness fabrication errors on gain flattening and demonstrated that the performance 
of our sub-optimal GEF designs remains viable even with reasonably large error values. 
 

 
Fig. 11. Gain equalised profile for 60 channels spaced at 200 GHz: (a) no fabrication errors, 
(b) relative film thickness errors of 0.25%, (c) absolute film thickness errors of 0.15 nm. 

7. Variation of base-line gain with one static GEF 
During their operational lifetime, optical networks are often upgraded and repaired, leading 
to revised optical power budgets. The re-routing of cables, re-assignment of channels and 
inclusion of new components are common and the amplifiers in the network should ideally 
be sufficiently flexible to accommodate such changes without replacement. To this end, we 
now consider whether a DCRA can continue to provide spectrally flat performance with a 
new baseline gain, without having to change its GEF. 
First, we modelled an 8 km DCF-based discrete Raman amplifier without a GEF. There were 
two backward propagating pumps (λp1 = 1440 nm and λp2 = 1490 nm) and 116 channels 
lying on ITU grid lines with 100 GHz spacing were launched, each with a power of –4 dBm. 
The results are presented in Fig. 12. As before, the pump powers were adjusted to provide a 
gain profile with two equal peaks and a local minimum between them. The local minima are 
at 3, 4, 5, 6 and 7 dB and so they define a sequence of baseline gains. All of the curves are 
very similar in shape, but the gain excursions increase slightly from bottom to top; the 
highest being 4.97 dB when the baseline is at 7 dB. 
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the two worst filters in which 60 channels were launched and it can be seen that the peak-to-
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respectively. Such values are tolerable in many applications. 
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powers, a filter that is designed for use with a certain number of saturating signals can still be 
applicable as the network is upgraded by adding channels. We have also studied the influence 
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During their operational lifetime, optical networks are often upgraded and repaired, leading 
to revised optical power budgets. The re-routing of cables, re-assignment of channels and 
inclusion of new components are common and the amplifiers in the network should ideally 
be sufficiently flexible to accommodate such changes without replacement. To this end, we 
now consider whether a DCRA can continue to provide spectrally flat performance with a 
new baseline gain, without having to change its GEF. 
First, we modelled an 8 km DCF-based discrete Raman amplifier without a GEF. There were 
two backward propagating pumps (λp1 = 1440 nm and λp2 = 1490 nm) and 116 channels 
lying on ITU grid lines with 100 GHz spacing were launched, each with a power of –4 dBm. 
The results are presented in Fig. 12. As before, the pump powers were adjusted to provide a 
gain profile with two equal peaks and a local minimum between them. The local minima are 
at 3, 4, 5, 6 and 7 dB and so they define a sequence of baseline gains. All of the curves are 
very similar in shape, but the gain excursions increase slightly from bottom to top; the 
highest being 4.97 dB when the baseline is at 7 dB. 
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Fig. 12. Input-output gain as a function of wavelength for the following launched pump 
powers, P (λp1), P (λp2) in mW: (a) 281.7 and 120.5; (b) 356.3 and 142.0; (c) 448.5 and 166.1; (d) 
565.4 and 194.1;  (e) 716.3 and 227.8. The DCF length is 8 km. 
 

 
Fig. 13. Top: Thin film filter design to achieve spectral equalization of the amplifier gain 
Curve d of Fig. 12. Bottom:  Spectral gain variations when the filter is applied. The peak-to-
peak gain ripples are marked on the right.  For curves a to e, the pump powers are the same 
as the corresponding curves in Fig. 12.  

We have designed a GEF to flatten Curve d of Fig. 12 (where the baseline gain is 6 dB). Our 
aim was to apply it to all of the curves and compare how well it performs. The top of Fig. 13 
shows its film structure, which is 18 SiO2 layers in a Ta2O5 stack, with a total thickness of 80 
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μm.  When this GEF is included in the amplifier, we obtained the gain profiles depicted in 
the lower part of Fig. 13. The curves are similar to each other, in which the quoted peak-to-
peak gain ripples apply across the entire range of 1523 to 1614 nm. Clearly, the best 
flattening is achieved when the GEF was applied to the gain profile for which it was 
designed but acceptable performance is evident from other curves. The importance of Fig. 
13 is that, provided the pump powers can be readjusted appropriately, the static GEF need 
not necessarily be replaced if ever the baseline gain must be varied in response to changing 
network operating requirements. 
 

 
Fig. 14. Top: Gain variation with wavelength, Bottom: Noise figure variation with 
wavelength. Launched pump powers, P(λp1), P(λp2) in mW: (a) 716.3 and 227.8; (b) 642.0 and 
241.0; (c) 569.5 and 255.1; (d) 496.5 and 271.8. Other amplifier characteristics are as in Fig. 12. 

8. Reduction of the noise figure 
The results in Sections 5 – 7 were mainly about the quality of gain spectral uniformity; 
achieving low noise figures was a secondary concern. Although we argued in Section 5 that 
our amplification strategy compares favourably with the use of an EDFA located after a 
passive span of DCF, further improvements are desirable. In particular, Figs. 5 and 8 both 
show two unwanted features in the noise figure spectrum: (i) performance is worst at short 
wavelengths because of the thermal dependence of ASE, as stated in Equation (3), and (ii) 
two peaks appear in saturated operation, owing to Rayleigh backscattering. Some WDM 
channels might therefore fail to meet the network’s bit error rate requirements (Urquhart, 
2008). In this section we show that, by the appropriate adjustment of the two pumps and 
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flattening is achieved when the GEF was applied to the gain profile for which it was 
designed but acceptable performance is evident from other curves. The importance of Fig. 
13 is that, provided the pump powers can be readjusted appropriately, the static GEF need 
not necessarily be replaced if ever the baseline gain must be varied in response to changing 
network operating requirements. 
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our amplification strategy compares favourably with the use of an EDFA located after a 
passive span of DCF, further improvements are desirable. In particular, Figs. 5 and 8 both 
show two unwanted features in the noise figure spectrum: (i) performance is worst at short 
wavelengths because of the thermal dependence of ASE, as stated in Equation (3), and (ii) 
two peaks appear in saturated operation, owing to Rayleigh backscattering. Some WDM 
channels might therefore fail to meet the network’s bit error rate requirements (Urquhart, 
2008). In this section we show that, by the appropriate adjustment of the two pumps and 



 Advances in Optical Amplifiers 

 

368 

synthesising a filter to match, the noise figures can be improved without unacceptably 
deteriorating the amplifier’s performance in other respects. 
Gain and noise figure profiles are plotted in Fig. 14, in which the fibre span, pump 
wavelengths and channel input powers and spacing remain as in Section 7. The top curve on 
each graph (designated “a”) corresponds directly to Curve e on Fig. 12, where the launched 
pump powers ensure a baseline gain of 7 dB and equal gain peaks. Curve a of the bottom 
plot of Fig. 14 shows that the corresponding noise figure spectrum has a main peak of 11.8 
dB at 1539 nm and a secondary peak of 9.7 dB at 1596 nm. 
 

 
Fig. 15. Variation of nonlinear phase shift with wavelength. All of the pump powers and 
fibre characteristics are as in Fig. 14.  

In Curves b, c and d of Fig. 14, we relaxed our previous requirement that there be two 
identical gain maxima and a baseline at 7 dB. Instead, we concentrated on the noise figure 
spectrum with the aim of selecting pump powers that progressively suppress the peak at 
1538 nm to achieve better uniformity. In Curve d the chosen pump powers ensure that the 
two noise figure peaks are equal, having a value of 9.7 dB, which is clearly beneficial for the 
shorter wavelength channels. The method used was to reduce the power at λp1 and increase 
it at λp2. When this was done, there was a significant reduction of the signal DRB near the 
short wavelength gain peak and a slight lowering of the ASE at all shorter signal 
wavelengths. The pump-to-pump SRS was also reduced and so the power at λp2 had to be 
increased to compensate and thus achieve a revised baseline gain of 6 dB. However, as 
Curve d in the upper plot of Fig. 14 shows, there was a corresponding loss of symmetry in 
the gain profile and the question is: does it matter? 
One possible concern is that an asymmetrical gain profile might provoke unacceptable 
nonlinear cross-talk within the DCF at the longer signal wavelengths. According to Equation 
(6), nonlinear phase shift is proportional to the integral of the signal powers over the fibre 
length coordinate. We need to ensure that it is not intolerably enhanced by varying the ratio 
of pump powers to achieve an asymmetric gain profile. Figure 15 is a plot of the nonlinear 
phase shift. It displays two peaks that are associated with the gain peaks on Fig. 14 because 
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the path averaged signal power is high when the gain is high. Curves b, c and d of Fig. 15 
show that by progressively changing the ratio of powers at λp1 and λp2 the short wavelength 
peak is depressed but the long wavelength peak is largely unaffected. In Curve a much of 
the long wavelength gain results from the guided wave at λp2 being amplified by that at λp1. 
Lowering the power at λp1 reduces the Raman pump-to-pump interaction. Therefore, pump-
to-pump interactions are less important contributors in the other curves, where the launched 
power at λp2 is increased in a manner that compensates for the effect. 
 

 
Fig. 16. Top: Thin film filter design (with 23 SiO2 layers) to achieve spectral equalisation of 
the gain Curve d of Fig. 14. Bottom: The spectral gain variation before (Curve a) and after 
(Curve b) the filter is applied. 

We have synthesised a GEF design to equalise the distorted gain profile (Curve d of Fig. 14). 
Figure 16 shows the result after applying the filter to the amplifier, together with the target 
function for which it was designed; a peak-to-peak gain ripple of 0.49 dB over the range 
1527–1615 nm was achieved. The performance should be compared with that of Curve d of 
Fig. 13, where the baseline gain is also 6 dB. The 0.49 dB ripple in Fig. 16 is slightly worse 
but it is an acceptable value for intermediate haul DWDM systems. 
In summary, when the pump powers are adjusted to obtain tilted gains, the noise figure and 
the nonlinear phase shift are both reduced at shorter wavelengths but there is no decrease of 
the nonlinear phase shift at longer signal wavelengths. We have designed a GEF to 
compensate for the asymmetric profile, providing acceptably uniform amplification across a 
wider spectrum than a combined C- and L-band EDFA. Pumping to achieve improvements 
in the short wavelength noise figures at the expense of an asymmetric gain profile is 
therefore beneficial. 
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short wavelength gain peak and a slight lowering of the ASE at all shorter signal 
wavelengths. The pump-to-pump SRS was also reduced and so the power at λp2 had to be 
increased to compensate and thus achieve a revised baseline gain of 6 dB. However, as 
Curve d in the upper plot of Fig. 14 shows, there was a corresponding loss of symmetry in 
the gain profile and the question is: does it matter? 
One possible concern is that an asymmetrical gain profile might provoke unacceptable 
nonlinear cross-talk within the DCF at the longer signal wavelengths. According to Equation 
(6), nonlinear phase shift is proportional to the integral of the signal powers over the fibre 
length coordinate. We need to ensure that it is not intolerably enhanced by varying the ratio 
of pump powers to achieve an asymmetric gain profile. Figure 15 is a plot of the nonlinear 
phase shift. It displays two peaks that are associated with the gain peaks on Fig. 14 because 
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the path averaged signal power is high when the gain is high. Curves b, c and d of Fig. 15 
show that by progressively changing the ratio of powers at λp1 and λp2 the short wavelength 
peak is depressed but the long wavelength peak is largely unaffected. In Curve a much of 
the long wavelength gain results from the guided wave at λp2 being amplified by that at λp1. 
Lowering the power at λp1 reduces the Raman pump-to-pump interaction. Therefore, pump-
to-pump interactions are less important contributors in the other curves, where the launched 
power at λp2 is increased in a manner that compensates for the effect. 
 

 
Fig. 16. Top: Thin film filter design (with 23 SiO2 layers) to achieve spectral equalisation of 
the gain Curve d of Fig. 14. Bottom: The spectral gain variation before (Curve a) and after 
(Curve b) the filter is applied. 

We have synthesised a GEF design to equalise the distorted gain profile (Curve d of Fig. 14). 
Figure 16 shows the result after applying the filter to the amplifier, together with the target 
function for which it was designed; a peak-to-peak gain ripple of 0.49 dB over the range 
1527–1615 nm was achieved. The performance should be compared with that of Curve d of 
Fig. 13, where the baseline gain is also 6 dB. The 0.49 dB ripple in Fig. 16 is slightly worse 
but it is an acceptable value for intermediate haul DWDM systems. 
In summary, when the pump powers are adjusted to obtain tilted gains, the noise figure and 
the nonlinear phase shift are both reduced at shorter wavelengths but there is no decrease of 
the nonlinear phase shift at longer signal wavelengths. We have designed a GEF to 
compensate for the asymmetric profile, providing acceptably uniform amplification across a 
wider spectrum than a combined C- and L-band EDFA. Pumping to achieve improvements 
in the short wavelength noise figures at the expense of an asymmetric gain profile is 
therefore beneficial. 
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9. Conclusion 
We have presented simulations of a spectral equalisation strategy for dispersion 
compensating fibre Raman amplifiers. Flat and broad bandwidth gain profiles can be 
obtained by launching only two contra-directional pumps into dispersion compensating 
fibre (DCF) and following it with a gain equalisation filter (GEF) based on dielectric thin 
film technology. To this end, we have optimised such filters using a trusted technique called 
the needle method. When a GEF is included, the amplifier can provide good gain profile 
uniformities for over 100 channels in both small signal and gain saturation. 
The strategy explained in this chapter is versatile, which is partly because our filters were 
“sub-optimal”, meaning that we avoided highly refined design solutions that perform well 
only within specific circumstances. For example, sub-optimal film structures can provide 
good spectral equalisation even when imperfect fabrication causes thickness errors. 
Moreover, by retaining the flexibility to adjust the two launched pump powers, the spectral 
flatness continues to be acceptable in revised operating conditions, without necessarily 
having to change the GEF. In particular, we have shown that the amplifier performance 
remains viable when the number of channels is increased or when the baseline gain must be 
varied to accommodate new demands of the optical network.  
The total noise figure of the amplifier is least when the GEF is placed after the DCF gain 
medium, as we have done. Moreover, it is possible to achieve further improvements to the 
noise performance by pumping for tilted (asymmetric) gains and designing a GEF for such 
operation to obtain good profile uniformity. We have argued that this approach can be used 
without incurring unacceptable additional nonlinear crosstalk. 
The gain equalisation strategy that we describe in this chapter uses passive filters, which are 
low cost, high reliability components of low thermal sensitivity. Moreover, with only two 
pump lasers to manage, it reduces the demands on the control software, and hence network 
management, and we have derived an approximate analytical model to illustrate this 
feature. Application can be in cost-sensitive but high capacity systems where the signals 
pass through a cascade of dispersion-compensating amplifier stages. 
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11. Appendix: Approximate analytical model of dual-wavelength pumping 
We present a theory to predict the dual-wavelength pumped gain spectrum when the 
channels are contra-directional and low power. For ease of calculation, we assume that the 
two pumps are launched at z = 0. Their mutual interaction is described by:  

 p1pp2p112
p1 PPPΓ
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 ,PPPΓ
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where Λ = λp2/λp1 and the losses are assumed equal (αp1 = αp2 = αp). Equations (8) and (9) 
include saturation by transfer of power from one pump to the other with gain coefficient Γ12 
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from Equation (1). However, they do not account for ASE or depletion by the propagating 
signal(s). They yield analytical solutions and to do this we transform the coordinates by 
defining the power ratio R(z) = Pp1/Pp2 and the weighted sum S(z) = (Pp1 + ΛPp2), giving: 

 S
dz
dS

pα−=  (10) 

 SRΓ
dz
dR

12−= . (11) 

The initial conditions are S(z = 0) = S0 = [Pp1(0) + Λ Pp2(0)] and R(z = 0) = R0 = Pp1(0)/Pp2(0). 
Equations (10) and (11) are then easily solved to provide: 

 )L(expSS(L) p0 α−=  (12) 

 )LSΓ(expRR(L) eff0120 −= . (13) 

Leff is identified as the effective length term, which is commonly used in Raman amplifier 
theory: Leff = [ 1 – exp ( – αp L ) ]/αp. When necessary, Equations (12) and (13) are easily 
converted back to power coordinates using Pp1 = SR/( R + Λ ) and Pp2 = S/( R + Λ ) . 
We now introduce a propagating signal of tuneable wavelength λs and we assume that it is 
not sufficiently powerful to deplete the pumps. The signal is contra-directional and 
therefore it is launched at z = L with power Pin. The fibre loss at the signal wavelength is αs 
and in general αs ≠  αp. We also require the Raman gain coefficients for the pump-signal 
interactions, Γ1s and Γ2s, defined in Equation (1). 
When the signal is included, we have three differential equations describing the optical 
powers propagating in the fibre. The first two are Equations (8) and (9), without any 
modifications and subject to the same boundary conditions as before. The third one is  
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Equation (14) can be solved using the previous quantities R(z) and S(z). There are three 
terms on the right hand side to be integrated. The first one can be transformed using R and 
S, together with Equation (11): 
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The second term on the right of Equation (14) can be integrated with the aid of another defined 
real variable, Ι(z), which is the inverse of R(z):  Ι(z) = 1/R(z). In this way, an alternative 
statement of Equation (11) is dΙ/dz = +  Γ12 S Ι. Then, the second integration becomes: 
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9. Conclusion 
We have presented simulations of a spectral equalisation strategy for dispersion 
compensating fibre Raman amplifiers. Flat and broad bandwidth gain profiles can be 
obtained by launching only two contra-directional pumps into dispersion compensating 
fibre (DCF) and following it with a gain equalisation filter (GEF) based on dielectric thin 
film technology. To this end, we have optimised such filters using a trusted technique called 
the needle method. When a GEF is included, the amplifier can provide good gain profile 
uniformities for over 100 channels in both small signal and gain saturation. 
The strategy explained in this chapter is versatile, which is partly because our filters were 
“sub-optimal”, meaning that we avoided highly refined design solutions that perform well 
only within specific circumstances. For example, sub-optimal film structures can provide 
good spectral equalisation even when imperfect fabrication causes thickness errors. 
Moreover, by retaining the flexibility to adjust the two launched pump powers, the spectral 
flatness continues to be acceptable in revised operating conditions, without necessarily 
having to change the GEF. In particular, we have shown that the amplifier performance 
remains viable when the number of channels is increased or when the baseline gain must be 
varied to accommodate new demands of the optical network.  
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medium, as we have done. Moreover, it is possible to achieve further improvements to the 
noise performance by pumping for tilted (asymmetric) gains and designing a GEF for such 
operation to obtain good profile uniformity. We have argued that this approach can be used 
without incurring unacceptable additional nonlinear crosstalk. 
The gain equalisation strategy that we describe in this chapter uses passive filters, which are 
low cost, high reliability components of low thermal sensitivity. Moreover, with only two 
pump lasers to manage, it reduces the demands on the control software, and hence network 
management, and we have derived an approximate analytical model to illustrate this 
feature. Application can be in cost-sensitive but high capacity systems where the signals 
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from Equation (1). However, they do not account for ASE or depletion by the propagating 
signal(s). They yield analytical solutions and to do this we transform the coordinates by 
defining the power ratio R(z) = Pp1/Pp2 and the weighted sum S(z) = (Pp1 + ΛPp2), giving: 
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Equations (10) and (11) are then easily solved to provide: 
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Leff is identified as the effective length term, which is commonly used in Raman amplifier 
theory: Leff = [ 1 – exp ( – αp L ) ]/αp. When necessary, Equations (12) and (13) are easily 
converted back to power coordinates using Pp1 = SR/( R + Λ ) and Pp2 = S/( R + Λ ) . 
We now introduce a propagating signal of tuneable wavelength λs and we assume that it is 
not sufficiently powerful to deplete the pumps. The signal is contra-directional and 
therefore it is launched at z = L with power Pin. The fibre loss at the signal wavelength is αs 
and in general αs ≠  αp. We also require the Raman gain coefficients for the pump-signal 
interactions, Γ1s and Γ2s, defined in Equation (1). 
When the signal is included, we have three differential equations describing the optical 
powers propagating in the fibre. The first two are Equations (8) and (9), without any 
modifications and subject to the same boundary conditions as before. The third one is  
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The second term on the right of Equation (14) can be integrated with the aid of another defined 
real variable, Ι(z), which is the inverse of R(z):  Ι(z) = 1/R(z). In this way, an alternative 
statement of Equation (11) is dΙ/dz = +  Γ12 S Ι. Then, the second integration becomes: 
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The third integration from the right of Equation (14) is merely a loss term. 
By combining all three integrations, Equation (14) can be solved to give the length-
dependence of the signal power and thus the net (input-output) amplifier gain: 
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where the wavelength dependence is provided through the terms Γ1s(λ) and Γ2s(λ). (In 
general, αp and αs also vary with wavelength.) Equation (13) allows us to determine R(L) as 
a function of the inputs S0 and R0. Owing to our choice of length coordinate, the amplified 
signal exits the fibre at z  =  0. However, Pp1(0) and Pp2(0) are known values and Gnet is a 
relation between input and output signal powers, which applies irrespective of the point of 
launch, provided that it is opposite that of the pumps. 
Equation (17) is plotted for some typical small signal operating conditions in Fig. 17, where 
the DCF is the same as in Fig. 4. The pump wavelength separation is 30, 40 and 50 nm in 
Curves a, b and c, respectively, so as to provide ever wider operating profiles. All of the 
pump powers, which are specified in Table 2, were selected for a baseline gain of 3 dB and 
two peaks of equal magnitude. Curve c is, in fact, two sets of points, which largely overlap. 
The solid line was plotted from Equation (17) by scanning λs across a range; the dotted line 
is merely a reproduction of Curve a from Fig. 4, which was obtained by numerical solution 
of Equation (2) with 151 simultaneous low power launched signals.  
The two sets of points that constitute Curve c are very close but Table 2 reveals that slightly 
different pump powers were required. (However, the total power, [P(λp1) + P(λp2)], is the 
same within computational error.) We attribute the small difference to two effects: (i) the 
absence of ASE and (to a lesser extent) RBS from the analytical model and (ii) our 
assumption of equal pump losses (αp1 = αp2 = αp). Although the launched signals might be 
very small, the spontaneous scattering is amplified bi-directionally, causing some depletion 
of the pumps. Moreover, the choice of αp is a compromise that becomes less satisfactory as 
the wavelength difference (λp2 – λp1) is increased. Nevertheless, the strong correlation 
between the two sets of points in Curve c indicates that the analytical model can provide a 
good approximation to the required pump powers and a physical insight into the gain 
mechanism in the small signal limit. It can thus be used to establish initial performance 
estimates prior to finding accurate numerical solutions. 
 
 

Curve λ p1 & λ p2 , 
nm P(λ p1) , mW P(λ p2) , mW Bandwidth at 

baseline, nm 
Excursion, 

dB 
a 1445 & 1475 79.6 86.9 41.6 0.6 
b 1440 & 1480 118.9 94.3 71.0 1.6 

c (solid) 160.8 101.5 
c (dotted) 

1435 & 1485 
173.3 89.1 

92.4 ± 0.5 2.9 ± 0.05 

 
Table 2. Data for plotting Fig. 17 and the resulting bandwidths and gain excursions. 
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Fig. 17. Spectral gain variation with two pump wavelengths. Fibre length is 10 km and the 
pump loss coefficient αp is the average of α(λp1) and α(λp2). Other data are in Table 2. 
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The third integration from the right of Equation (14) is merely a loss term. 
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where the wavelength dependence is provided through the terms Γ1s(λ) and Γ2s(λ). (In 
general, αp and αs also vary with wavelength.) Equation (13) allows us to determine R(L) as 
a function of the inputs S0 and R0. Owing to our choice of length coordinate, the amplified 
signal exits the fibre at z  =  0. However, Pp1(0) and Pp2(0) are known values and Gnet is a 
relation between input and output signal powers, which applies irrespective of the point of 
launch, provided that it is opposite that of the pumps. 
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Fig. 17. Spectral gain variation with two pump wavelengths. Fibre length is 10 km and the 
pump loss coefficient αp is the average of α(λp1) and α(λp2). Other data are in Table 2. 
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1. Introduction 
In this chapter, we propose several schemes for fiber amplifiers which are all using fiber 
Bragg gratings (FBGs) as the key elements for their advantages of better uniformity, higher 
contrast ratio and lower cost. Several applications using FBG-based fiber amplifiers are also 
introduced. Therefore, this chapter initiates the overview of FBGs characteristics in Sec. 1, 
then addresses the FBGs playing solo-function roles in the fiber amplifiers in Sec. 2. The 
examples are like gain equalizer, dispersion compensator, signal reflector, pump reflector 
and other purposes. Next, Sec. 3 addresses the FBGs playing multiple-function roles in the 
hybrid fiber amplifiers. It is based on the construction of a C-band erbium-doped fiber 
amplifier (EDFA) and an L-band Raman fiber amplifier (RFA). The serial type, parallel type, 
bridge type and bidirectional C + L band hybrid amplifiers using single-wavelength pump 
laser diodes are proposed. Dispersion management and gain equalization among the C+L-
band channels are realized simultaneously. Pump reflectors and double-pass schemes are 
used to increase the slope efficiency. Signal power variation among the channels are 
reduced by varying the reflectivities of these corresponding FBGs. Sec. 4 deals with FBG-
based optical network devices with built-in fiber amplifier. Such networks devices include 
the reconfigurable optical add-drop multiplexer (ROADM) either in unidirectional or 
bidirectional transmission scheme, and the optical cross-connect (OXC) device is also 
proposed. Power compensation are realized with a bulit-in fiber amplifier. After various 
kinds of FBG-based fiber amplifiers are discussed, we summarize this chapter and conclude 
their potential utilization within optical communications and optical sensing.   

2. Overview of FBGs characteristics 
2.1 Introduction to Fiber Bragg Gratings 
The fiber Bragg gratings (FBGs) research can be dating back to Ken Hill in 1978, and they 
were initially fabricated using a visible laser propagating along the fiber core. Then 
holographic technique was demonstrated using the interference pattern of ultraviolet laser 
light to create the periodic structure of the Bragg grating. Due to all-fiber geometry, FBGs 
have found important applications such as gain equalizer, dispersion compensator, pump 
reflector and other purposes as the telecommunication industry grew, as shown in Fig. 1 
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(Kashyap, 2010). FBGs are reflective type filters with slightly periodic refractive index 
modulation running along fiber axis in the fiber core. Incident wavelengths are reflected 
when the Bragg conditions (λB=neffΛ, where λB is the Bragg wavelength, neff is the effective 
modal index, and Λ is the grating period) are satisfied, and otherwise they are transmitted. 
The typical grating period is around 0.5 μm, the reflection bandwidth is around 0.2 nm, the 
reflectivity is larger than 99 % (>20 dB), and the insertion loss is less than 0.1 dB for 
reflective applications at the C-band optical communication window. Environmental 
stability for fiber gratings was originally a big issue but can be controlled now by a suitable 
annealing process and an appropriate package. 
FBGs are usually fabricated by inscribing the periodical intensity of UV lights onto the 
photo-sensitive fiber core to induce the permanent periodical refractive index change. The 
photosensitivity of the fiber core is mainly caused by formation of color center, or 
densification and increase in tension. Various laser light sources have been used to induce 
refractive index changes in optical fibers. The commonly used pulse lasers are KrF (248 nm), 
ArF (193 nm), and Ti:Sapphire (800 nm), while the commonly used continuous wave laser is 
the frequency-doubled Ar-Ion laser (244 nm). Under the intensities of 100-1000 mJ/cm2, the 
amount of induced refractive index change in germanium doped optical fibers is around  
10-5-10-3. Higher index changes can be achieved by hydrogen loading in high pressure (Hill 
et. al., 1997). 
 

 

Fig. 1. Various applications of fiber Bragg gratings. (Kashyap, 2010) 

Establishing the easy-realized FBGs technology is promising and very useful in various 
photonic industries. Several fabrication schemes have been proposed for FBG inscription by 
forming interference light fringes; including the common-used phase mask method and 
holographic method. In the phase mask technique, the two first diffraction orders of UV 
beam interfere to form periodic intensity distribution that is half the period of the phase 
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mask, and the zero order beam is totally suppressed. The advantages of the phase mask 
approach are the easy alignment, low stability requirement, and low coherence laser source 
requirement. Its drawback, which is the advantage of the holographic approach, is the lack 
of flexible wavelength tuning capability and the limitation of the grating length. However, 
the highly environmental requirement is exactly the drawback of the holographic approach. 
Fiber gratings have various kinds of grating structures. For a phase-shifted FBG, a π phase 
shift is inserted into the center of the exposure fiber grating during the fabrication process, 
and there is a narrow transmission peak within the stop-band due to the resonance caused 
by the π phase shift. Chirped fiber grating in general has a non-uniform period along fiber 
length, and its phase information can also be contributed from the dc-index change, phase 
shift and period change. Chirped gratings can be used as dispersion compensators, for they 
are designed to introduce a time delay as a function of wavelength, so that different 
wavelength is reflected at a different grating location to achieve wavelength-dependent 
group delay. Fiber grating with periods as few hundred micrometers is called long period 
gratings (LPGs). They are transmission gratings, which couple light from forward-
propagating guided modes to the forward-propagating cladding modes and the radiation 
field. LPGs are particularly useful for equalizing the gain of optical fiber amplifiers, and 
they are also good sensors with operation relies on resonance wavelength shift 
corresponding to environmental perturbations of strain and temperature. 

2.2 Theorem and mathematical model 
Both the coupled mode equation model and the transfer matrix analysis are commonly used 
to describe the relation between the filter spectrum and grating structure (Kogelnik et al., 
1972), (Yamada et al., 1975). Consider a fiber grating with small spatial index perturbation 
δ effn  and the period Λ along the axis coordinate z. Two counter-propagating waves in the 
optical fiber are denoted as R, and S. Hence the resultant wave coupling can be derived as 
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Here v is confinement factor. For LPGs, phase matching condition occurs between co-
directional coupling waves, and the coupling constant should accordingly be modified as 
the mode overlap area varies between different cladding modes. The amplitude reflection 
coefficient, the reflectivity and the transmission ratio are denoted as ρ, r, t respectively and 
are defined according to the following equations, 
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The transfer matrix method is a simple way to analyzing complex grating structures by 
dividing the gratings into small sections with constant period and uniform refractive index 
modulation. The transform matrix yields the following relationship between the reflected 
wave u and transmitted wave v, 
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where u(0) and u(L) represent the input and output forward-propagating waves, v(0) and 
v(L) are the input and output backward-propagating waves, and L is the length of the 
grating. The matrix T is a function of the refractive index modulation Δn, and the matrices 
T1, T2, ….,TN are governed by the parameters of every grating section. The matrix product of 
T11, T12, T21, T22 forms the final transform matrix. The transmission ratio of the grating can be 
calculated by 

 
11( ) 1/t Tδ =  (5) 

where δ is the frequency detuning. Inverse methods such as layer-peeling method or 
evolutionary programming synthesis can find complex coupling coefficient of a FBG from 
the reflection spectrum (Lee et al., 2002). 

2.3 Fiber grating fabrication technology development and applications 
The uniform FBG reflection spectrum possesses apparent side-lobes and thus the FBG 
refractive index envelopes are usually apodized to be of a gaussian or cosine square shape 
in order to diminish the side-lobes. The quasi-periodic structure on the long wavelength 
side originates from the resonance between the abrupt index change of the two ends and can 
be suppressed by apodizing the index profile. On the other hand, Fabry-Perot resonance 
between peripheral sections of the grating with apodization cause quasi-periodic structures 
of the reflection spectrum in shorter wavelengths, which can be reduced by keeping the 
refractive index constant along the fiber length (pure apodization, see Fig. 2). To keep 
average refractive index the same throughout the length of the grating, pure-apodization 
method is used to maintain the dose of the UV radiation the same throughout the fiber 
length but the fringe pattern is gradually altering (Chuang et al., 2004). Conventional 
method to achieve pure-apodization relies on double UV exposure. The first exposure is to 
imprint the interference pattern onto the fiber core, followed by the second scan to keep the 
total doze along the entire grating length unchanged. FBGs as narrowband filters have 
important applications in single-longitudinal mode fiber lasers and DWDM systems. The 
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required high sidelobe suppression ratio is achieved by pure apodization, while the spectral 
shape of narrow and flat-top bandwidth with high reflectivity is achieved by slight index 
difference and long grating length. Several procedures that can realize long and complex 
FBG structures have been developed, however, the accumulative position reading errors 
have caused significant difficulties on the fabrication of long-length fiber Bragg gratings. For 
advanced realization of long-length FBGs, real-time side-diffraction position monitoring 
scheme for fabricating long FBGs was proposed (see Fig. 3), and the overlapped  
FBG sections can be connected section-by-section without obvious phase errors. (Hsu et al., 
2005). 
FBGs are critical components in fiber-optic communication and fiber sensor applications. 
FBGs are commonly used as spectral filters, feedback mirrors in erbium-doped amplifiers, 
fiber lasers and semiconductor diode lasers, and add-drop multiplexers in optical 
communication network. Narrow linewidth (bandwidth less than the cavity mode spacing) 
makes FBG a good choice perfectly suited for stabilizing the wavelength of semiconductor 
lasers and fiber lasers as feedback mirrors to stabilize the frequency and attain single-
frequency operation. The use of narrowband FBGs for add/drop multiplexers can also help 
extracting a single wavelength from the fiber without disturbing other wavelengths thus can 
achieve high optical data rates. A demultiplexer can be achieved by cascading multiple drop 
sections of the OADM, where each drop element uses a FBG set to the wavelength to be 
 

 

Fig. 2. Pure apodization of Gaussian apodize (a) refractive index profile (b) spectrum with 
and without pure apodization. 
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achieve high optical data rates. A demultiplexer can be achieved by cascading multiple drop 
sections of the OADM, where each drop element uses a FBG set to the wavelength to be 
 

 

Fig. 2. Pure apodization of Gaussian apodize (a) refractive index profile (b) spectrum with 
and without pure apodization. 
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Fig. 3. Interferometric side-diffraction position monitoring technique for writing long fiber 
Bragg gratings. (Hsu et al., 2005) 

demultiplexed. Conversely, a multiplexer can be achieved by cascading multiple add 
sections of the OADM. FBG demultiplexers and OADMs can also be tunable. Narrow-band 
FBGs at two ends of rare-earth-doped fibers form Fabry-Perot laser cavities as DFB 
(distributed feedback) lasers that support single-longitudinal mode operation (Qiu et al., 
2005). DBR (distributed Bragg reflector) fiber laser is obtained by putting a π-phase-shifted 
grating on the rare-earth-doped fibers, so that the grating is treated as a narrow-band 
transmission filter. In high-power fiber laser systems, the high and low reflectors are 
mission-critical elements that have a significant impact on the system's performance and 
reliability. Semiconductor diode laser with short cavity length results a stable single-
frequency operation; and the output is coupled into an optical fiber with low reflectivity 
FBGs (2-4%) incorporated in output fiber end under external feedback mechanism to 
efficiently suppress mode hopping and reduce output noise (Archambault et al., 1997). 
For the applications in EDFAs, FBGs are quite useful for gain-flattening, pump reflection 
and wavelength stabilization. To maintain a reasonable amount of population inversion in 
the gain medium, a counter-propagating amplifier configuration is used for optimum power 
conversion efficiency, and the use of a broad, highly reflecting FBG is needed to double pass 
the pump light in the amplifier. Tilted FBGs and LPGs with proper designs can couple the 
guided modes into the cladding to attain flattened EDFA gain spectrum. Another method of 
fiber amplifier gain equalization is obtained by appropriate choice of individual FBG loss 
within the gain bandwidth. Furthermore, the center wavelength can be fine-tuned by 
adding stress on the FBGs to change its period, and the wideband tunability of FBGs widely 
broadens the application area (Liaw et al., 2008). Besides, chirped fiber gratings as 
dispersion compensators are widely applied in optical communication systems to 
compensate chromatic dispersion, or compensate anomalous or normal dispersion caused 
by the nonlinear effects for pulses propagating in the fiber. 
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3. FBGs play as solo-function role in a fiber amplifier 
The fiber Bragg gratings have been widely used in optical amplifier design for achieving 
various functions. FBG acts as solo function including fixed or dynamic gain equalization, 
the dispersion compensation, and the signal and pump reflectors are introduced in this 
section. 

3.1 Fixed and dynamic gain equalization 
The gain equalization of the EDFA in a multi-channel wavelength division multiplex 
(WDM) system can be realized by using LPG (Vensarkar et al., 1996). The unwanted power 
is coupled from the guided mode to the cladding modes through the following phase 
matching condition: 

 m
co cl m

n n
λ
Λ

− =  (6) 

where con  and m
cln  are the effective core mode index and the cladding mode index, 

respectively. m is the order of the cladding mode and λ  is the signal wavelength in free 
space. mΛ  is the grating pitch that attains the phase matching criteria for coupling the core 
mode into the m-th cladding mode. Since the index difference between the core mode and 
the cladding mode is very small, the typical pitch of the long-period grating is in the order 
of several hundreds of micrometers. Arbitrary spectral shape can be realized by cascading 
several LPG with appropriate resonance wavelengths and grating strengths. The 
transmission spectrum of the gain-flattening filter using two cascaded LPG is shown in  
Fig. 4. (Vensarkar et al., 1996) The flatness is within 0.2 dB over a 25 ~ 30 nm bandwidth. 
In the re-configurable add-drop multiplexer system, the power of the add-drop channel 
changes. Such power variations among channels lead to substantial differences in the signal 
powers and the signal-to-noise ratios. Thus, the dynamic gain equalization for the fiber  
 

 

 
Fig. 4. Transmission spectrum of the gain-flattening long-period fiber grating. Filled circles: 
inverted erbium fiber spectrum; solid curve: transmission spectrum of two cascaded long-
period fiber grating. (Vensarkar et al., 1996) 
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Fig. 4. Transmission spectrum of the gain-flattening long-period fiber grating. Filled circles: 
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amplifier is necessary. The most typical structure is to de-multiplex the channels and insert 
the variable optical attenuators before the multiplexer (Shehadeh et al., 1995). However, the 
accumulated component loss is usually large so another fiber amplifier is required to 
compensate the loss. An acousto-optic tunable filter can also achieve the dynamic 
equalization (Kim et al., 1998). However, the control of the appropriate RF signal is quite 
complicated. The strain-tunable FBGs has been proposed for dynamic equalization of the 
EDFA (Liaw et al., 1999). An FBG is actually a wavelength-selective optical attenuator. By 
detuning the Bragg wavelength from its original wavelength, the FBG becomes a 
wavelength-selective tunable optical attenuator. The strain-tunable FBGs are placed after the 
EDFA in either the transmission or reflection structure with an optical circulator. Four 
structures of the dynamic equalized EDFA are shown in Fig. 5. 
 

 
 

 
 

 
Fig. 5. Schematic diagrams of the dynamic equalized EDFA using strain-tunable FBGs. (a) 
pass-through structure (b) reflection structure (c) hybrid structure (4) high output power 
structure. (Liaw et al., 1999) 

As no multiplexer and de-multiplexer pair is used, the channel loss is reduced and no 
optical post-amplifier is required. By stretching or compressing the FBG, the Bragg 
wavelength is shifted so the reflectance or the transmittance is changed for a specific 
channel wavelength. The wavelength shift Δλ is related to the applied longitudinal 
strain ε as: 

 Δλ = λ(1-pe)ε (7) 

Fiber-Bragg-Grating Based Optical Amplifiers   

 

383 

where pe is the photoelastic coefficient of the fiber. The applied strain can be controlled with 
high precision by using a piezoelectric transducer. The spectra of a train-tunable FBG with 
and without applying strain are shown in Fig. 6. The Bragg wavelength is shifted from 
1555.4 nm to 1556.5 nm. The reflectivity of the FBG is over 99% and the 10- and 20-dB 
bandwidths are 0.25 and 0.6 nm, respectively. The dynamic range of the strain-tunable FBG 
between the two tuning points is as large as 20 dB and is enough for most system 
applications. 
 

 
Fig. 6. Transmission spectrum of a strain-tunable FBG. The Bragg wavelength is 1555.4 nm 
without applied strain (position 1) and 1556.5 nm with applied strain (position 2). (Liaw et 
al., 1999) 
The measured individual channel spectra of a five-channel equalized EDFA module is 
demonstrated in Figure 7. Figure. 7(a) shows the signals before the FBG chain. The power 
variation between the input channels is as high as 11 dB. Figure 7(b) is the transmission 
spectrum of the cascaded strain tunable FBGs. Figure 7(c) shows the output signals after the 
FBG chain. The power variation between channels is less than 0.3 dB after equalization. 

3.2 Dispersion compensation 
The chirped FBG is an alternative to the conventional dispersion compensation fiber (DCF) 
to compensate the dispersion in the optical fiber transmission link. (Hill et al., 1994) The 
DCF is a long section of fiber with significant loss and high non-linearities due to its small 
core diameter. The chirped FBG is a compact, all-fiber device with a short interaction length 
and low non-linearities. The period Λ of a chirped FBG is non-constant. The chirp parameter 
is expressed as: dλD/dz. λD ≡ 2ncoΛ is the designed wavelength for Bragg scattering. The 
dispersion of a linearly chirped FBG can be estimated as: 
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where the chirp parameter dλD/dz of the FBG is in units of nm/cm. The chirped FBG has a 
wider reflection bandwidth than the uniform FBG does because of its non-constant grating 
pitch. The chirped FBG is further apodized with a suitable index-change profile for an 
equalized performance. The FBG with a Sinc apodization function demonstrated the 
optimum performance for both the ideal Gaussian pulses and a direct modulated laser. 
(Pastor et al., 1996) 
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The chirped FBG is an alternative to the conventional dispersion compensation fiber (DCF) 
to compensate the dispersion in the optical fiber transmission link. (Hill et al., 1994) The 
DCF is a long section of fiber with significant loss and high non-linearities due to its small 
core diameter. The chirped FBG is a compact, all-fiber device with a short interaction length 
and low non-linearities. The period Λ of a chirped FBG is non-constant. The chirp parameter 
is expressed as: dλD/dz. λD ≡ 2ncoΛ is the designed wavelength for Bragg scattering. The 
dispersion of a linearly chirped FBG can be estimated as: 

 
1

100 DdD
dz
λ −

⎛ ⎞≈ ⎜ ⎟
⎝ ⎠

 (ps/nm) (8) 

where the chirp parameter dλD/dz of the FBG is in units of nm/cm. The chirped FBG has a 
wider reflection bandwidth than the uniform FBG does because of its non-constant grating 
pitch. The chirped FBG is further apodized with a suitable index-change profile for an 
equalized performance. The FBG with a Sinc apodization function demonstrated the 
optimum performance for both the ideal Gaussian pulses and a direct modulated laser. 
(Pastor et al., 1996) 
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Fig. 7. Spectra of the 5-channel EDFA system (a) spectra of the 5 channels before the strain-
tunable FBG chain (b) transmission spectra of the FBG chain. (c) equalized output signal 
channels after the FBG chain. (Liaw et al., 1999) 

The single channel transmission over a 700 km distance for the 10 Gb/s signal was 
demonstrated by using a chirped FBG. (Loh et al., 1996) The chirp FBG length was as long as 
10 cm for achieving dispersion as high as 5000 ~ 8000 ps/nm. Multi-channel transmission 
using the chirped FBGs for dispersion compensation is much more complicated. The 
disadvantage of the chirped FBG is its limited bandwidth. However, by increasing the FBG 
length up to meter range, the bandwidth is extended. The simultaneous dispersion 
compensation for multi-channels using the chirped FBG is possible. Transmission of the 
16x10 Gb/s WDM system over 840 km single-mode fiber was demonstrated using the 
chirped FBGs. The chirped FBGs used were 1-m long with a nominal dispersion of -1330 
ps/nm over a bandwidth as wide as 6.5 nm to compensate the dispersion of the 16 channels 
at the same time, as shown in Fig. 8 (Garrett et al., 1998). The chirped FBGs are packaged 
with the optical circulators in the dispersion compensation modules. The insertion loss of 
the module is 3-4 dB. The grating modules are inserted between stages of the 2-stage 
EDFAs. The signals were amplified and dispersion-compensated for every 80 km single-
mode fiber span, as shown in Fig. 9. (Garrett et al., 1998) 
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Fig. 8. Characteristics of the chirped FBG. (Garrett et al., 1998) 

 

 
Fig. 9. Schematic of the transmission system. Total fiber length: 840 km. DCG: dispersion 
compensating grating. (Garrett et al., 1998) 

3.3 Signal/pump reflection 
Various optical fiber amplifier configurations have been proposed with improved 
performance utilizing filters or reflectors. The FBGs were used as the wavelength-selective 
reflectors in the fiber amplifier for the signals or pump to either increase the amplifier gain 
or recycle the residual pump power. The signal reflector is usually used with an optical 
circulator in the fiber amplifier. The signal travels through the gain fiber twice so the small-
signal gain is nearly doubled and this amplifier configuration is called the double-pass 
structure. Also the ASE is suppressed by the FBG signal reflector since the FBG is a narrow-
band reflector. The pump reflector is helpful to increase the amplifier output saturation 
power, and the small-signal gain with an increase of 1 ~ 3 dB. The enhancement is related to 
the amount of the residual pump power. Six configurations of reflected signal and pump in 
an EDFA are shown in Fig. 10 (a). The calculated gain of the EDFAs with the signal and 
pump reflectors is shown in Fig. 10 (b). (Giles, 1997) 



 Advances in Optical Amplifiers 

 

384 
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circulator in the fiber amplifier. The signal travels through the gain fiber twice so the small-
signal gain is nearly doubled and this amplifier configuration is called the double-pass 
structure. Also the ASE is suppressed by the FBG signal reflector since the FBG is a narrow-
band reflector. The pump reflector is helpful to increase the amplifier output saturation 
power, and the small-signal gain with an increase of 1 ~ 3 dB. The enhancement is related to 
the amount of the residual pump power. Six configurations of reflected signal and pump in 
an EDFA are shown in Fig. 10 (a). The calculated gain of the EDFAs with the signal and 
pump reflectors is shown in Fig. 10 (b). (Giles, 1997) 
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Fig. 10. (a) Six configurations of reflected signal and pump in an erbium fiber amplifier. (b) 
Calculated gain of an erbium-doped fiber amplifier with signal and pump reflectors. P3dB is 
the 3-dB output saturation power. (Giles, 1997) 

The pump power required in the Raman fiber amplifier is usually high. By using the 
double-pass Raman amplifier configuration, the required pump power is reduced nearly 
50%. The configuration of the double-pass Raman fiber amplifier is shown in Fig. 11(a). 
(Tang, 2003) An FBG with R> 99% and a stop bandwidth of 0.2 nm was used as the signal 
reflector. A section of 3-km DCF was used as the Raman gain medium for its relatively 
larger Raman efficiency than the standard single-mode fiber. The experiment and 
simulation results of the Raman gain versus the pump power are shown in Fig. 11(b). (Tang, 
2003) The pump power required for 20-dB gain was reduced from the original 29.6 dBm to 
26.9 dBm with the use of the double-pass structure.  
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(b) 

Fig. 11. (a) Double-pass discrete Raman amplifier configuration and (b) Raman gain versus 
pump power at the double- and single-pass configuration. (Tang, 2003) 

4. FBGs play multiple-function roles in hybrid fiber amplifiers 
4.1 Hybrid fiber amplifiers 
Conventional erbium-doped fiber amplifiers (EDFAs) operating in the C-band wavelength-
division-multiplexing (WDM) system is quite mature nowadays. For the L-band 
amplification, the Raman fiber amplifier (RFA) has a lower noise figure (NF) than the L-
band EDFA and better performance in some circumstances (Jiang et al., 2007). 
Consequently, a hybrid amplifier is highly promising for terabit dense WDM (DWDM) 
systems. The hybrid Raman/Erbium-doped fiber amplifier designed for maximizing the 
span length and/or minimizing the impairments of fiber nonlinearities. It was also used to 
enlarge the EDFA gain-bandwidth (Curri, C.V. & Poggiolini, P, 2001). In this section, we 
discuss a serial type hybrid C+L band hybrid amplifier (Liaw et al., 2008), a parallel type 
hybrid C+L band hybrid amplifier (Liaw et al., 2009),  a bridge type C+L band hybrid 
amplifier (Liaw et al., 2010) and a bidirectional C+L band hybrid amplifier (Liaw et al., 
2010). All of them may simultaneously attain gain-flattening and dispersion management of 
the WDM channels. Figure 12 (Liaw et al., 2008) shows the common concept of four schemes 
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using one high-power pump laser at 1480 nm for C-band EDFA and L-band RFA 
simultaneously. The C-band EDFA is based on Er3+ ions through population inversion 
amplification mechanism while the L-band RFA is based on Raman shift amplification. If the 
pump wavelength is 1495 nm, the corresponding gain peak could then be shifted according 
to the following equation (G. P. Agrawal, 1995).  

 2 97λ λ λΔ Δ
Δ = − × = − × =

f f nm
f c

 (9) 

where ∆f = -13THz and ∆λ=97 nm are the total amount of detuning with respect to the 
pump frequency and wavelength, respectively. The maximum gain therefore occurs at 
around 1592 nm in the L band region. To discuss how critical the pump wavelength is to the 
amplification band, we compare two pump wavelengths of 1480 nm and 1495 nm, 
respectively. For the 1480 nm pump LD, its maximum Raman gain will occur at 1575 nm, 
which will lead to a rather low gain level for the longer RFA region. On the other hand, the 
1495 nm pump LD will provide enough RFA gain for the 1595-1610 region. Although the 
longer pump wavelength will degrade the gain for the C-band EDFA, the gain is still at an 
acceptable level for the entire C band.  
 

 
Fig. 12. Concept of using 1480 nm pump source(s) to amplify C-band EDFA and L-band 
RFA simultaneously. (Liaw et al., 2008) 

The EDFA gain is defined as:       
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where σem is the emission cross-section, τ is the upper-state lifetime, hνp is the pump photon 
energy, Aeff is the fiber core area, Pabs is the absorbed pump power, F is the overlapping 
integral between the pump and signal fields in the transverse dimensions, and ηp is the 
fractional pump energy. The gain of L-band RFA is defined as (Liaw et al., 2007).  
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where gR is the Raman gain coefficient as the wavelength difference function between the 
signal and pump, P0 is the pump power at the amplifier input, and p

effL  is the effective 
pump length.  

4.2 Serial type hybrid amplifier 
Figure 13 (Liaw et al., 2008) shows the proposed serial type hybrid amplifier configuration. 
Both C+L-band signals are combined via a C/L WDM coupler. After that they will come 
into the OC1 and pass through a common segment of the dispersion compensation fiber 
(DCF). The L-band signals are amplified by an RFA and the residual pump power then 
comes into the EDF for C-band signal amplification. There is a C-band pump reflector at the 
far end to reflect the residual pump power for further EDF pumping. The DCF group is 
composed of several DCF segments in different lengths with one FBG for each section. Each 
FBGj has a central reflected wavelengths to match to a certain signal. Each signal travels 
through different DCF lengths before being reflected by its corresponding FBG for precise 
dispersion compensation. Note that the double-pass route may save 50% of the gain 
mediums (i.e. C-band EDF and L-band DCF). The Raman pump power travels through the 
entire DCF segment and the residual pump power is partially reflected by the L-band 
reflector located between the EDFA and the RFA. 
 

 
Fig. 13. Serial type hybrid amplifier. (Liaw et al., 2008) 

For the pump sharing issue, the optimum pump sharing ratio is reached when 1550 nm and 
1580 nm signals have the same gain. First, the total residual pump power is for the C band 
only by setting 0% reflectivity for the L band reflector. After that, we increase the reflectivity of 
L band reflector to reduce the residual pump power for C band until the gain of them are 
equal. Figure 14 (Liaw et al., 2008) shows the gain at 1550 nm (C band) and 1580 nm (L band) 
versus residual pump power for L band reflector. Where the horizontal axis means reflectivity 
of the L band reflector (0 R 100). The gain at 1550 nm with or without reflector means the C 
band reflector of 100% reflectivity is used or not. The gain for 1550 nm (C band) is 0- to 2.5 dB 
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using one high-power pump laser at 1480 nm for C-band EDFA and L-band RFA 
simultaneously. The C-band EDFA is based on Er3+ ions through population inversion 
amplification mechanism while the L-band RFA is based on Raman shift amplification. If the 
pump wavelength is 1495 nm, the corresponding gain peak could then be shifted according 
to the following equation (G. P. Agrawal, 1995).  

 2 97λ λ λΔ Δ
Δ = − × = − × =

f f nm
f c

 (9) 

where ∆f = -13THz and ∆λ=97 nm are the total amount of detuning with respect to the 
pump frequency and wavelength, respectively. The maximum gain therefore occurs at 
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1495 nm pump LD will provide enough RFA gain for the 1595-1610 region. Although the 
longer pump wavelength will degrade the gain for the C-band EDFA, the gain is still at an 
acceptable level for the entire C band.  
 

 
Fig. 12. Concept of using 1480 nm pump source(s) to amplify C-band EDFA and L-band 
RFA simultaneously. (Liaw et al., 2008) 
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where σem is the emission cross-section, τ is the upper-state lifetime, hνp is the pump photon 
energy, Aeff is the fiber core area, Pabs is the absorbed pump power, F is the overlapping 
integral between the pump and signal fields in the transverse dimensions, and ηp is the 
fractional pump energy. The gain of L-band RFA is defined as (Liaw et al., 2007).  
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where gR is the Raman gain coefficient as the wavelength difference function between the 
signal and pump, P0 is the pump power at the amplifier input, and p

effL  is the effective 
pump length.  

4.2 Serial type hybrid amplifier 
Figure 13 (Liaw et al., 2008) shows the proposed serial type hybrid amplifier configuration. 
Both C+L-band signals are combined via a C/L WDM coupler. After that they will come 
into the OC1 and pass through a common segment of the dispersion compensation fiber 
(DCF). The L-band signals are amplified by an RFA and the residual pump power then 
comes into the EDF for C-band signal amplification. There is a C-band pump reflector at the 
far end to reflect the residual pump power for further EDF pumping. The DCF group is 
composed of several DCF segments in different lengths with one FBG for each section. Each 
FBGj has a central reflected wavelengths to match to a certain signal. Each signal travels 
through different DCF lengths before being reflected by its corresponding FBG for precise 
dispersion compensation. Note that the double-pass route may save 50% of the gain 
mediums (i.e. C-band EDF and L-band DCF). The Raman pump power travels through the 
entire DCF segment and the residual pump power is partially reflected by the L-band 
reflector located between the EDFA and the RFA. 
 

 
Fig. 13. Serial type hybrid amplifier. (Liaw et al., 2008) 

For the pump sharing issue, the optimum pump sharing ratio is reached when 1550 nm and 
1580 nm signals have the same gain. First, the total residual pump power is for the C band 
only by setting 0% reflectivity for the L band reflector. After that, we increase the reflectivity of 
L band reflector to reduce the residual pump power for C band until the gain of them are 
equal. Figure 14 (Liaw et al., 2008) shows the gain at 1550 nm (C band) and 1580 nm (L band) 
versus residual pump power for L band reflector. Where the horizontal axis means reflectivity 
of the L band reflector (0 R 100). The gain at 1550 nm with or without reflector means the C 
band reflector of 100% reflectivity is used or not. The gain for 1550 nm (C band) is 0- to 2.5 dB 
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improved with the C band reflector. The suggested optimum reflectivity for L band reflector is 
87.5% as the 1550 nm and 1580 nm have identical gain value. In this simulation, the total pump 
power is 545 mW and the residual pump power after passing through the L band RFA is 160 
mW. So, the idea launched power for the C band is 20 (160×12.5%) mW.  
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Fig. 14. Signals gain versus residual pump for L band (%) reusing. (Liaw et al., 2008) 
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Fig. 15. The WDM signals gain equalization by adjusting the reflectivities of FBGs (Liaw et 
al., 2008) 

For dispersion management, the travel length for each signal in the DCF is controlled by a 
corresponding FBG, the central wavelength of which is designed to match the signal 
wavelength. Each required DCF segment length can be predicted based on the following 
equation:  
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where DSMF and LSMF are the SMF dispersion parameter and the length, respectively, and 
DDCF is the DCF dispersion parameter. To minimize the residual WDM channel dispersion 
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in a system with 50 km SMF, the required DCF length is 6987 m for the longest wavelength 
at 1595 nm. It has the minimum dispersion value using this common DCF. As the signal 
wavelength decreases, the extra dispersion value increases. The residual dispersion value 
may be precisely compensated by writing FBGs (FBG1, FBG2, . . . , FBG8) at different 
positions for individual signal channels. So, the residual dispersion can be eliminated 
exactly. To implement the gain equalization for C+L-band channels, the reflectivity of eight 
FBGs are set as 100% in the beginning before (without) gain equalisation (GE), as shown in 
Fig. 15. (Liaw et al., 2008) We adjusted the L-band pump reflector as 87.5%, as mentioned. 
Next, we equalizd the WDM channels by adjusting the reflectivities of the FBGs. The 
optimum FBGs’ reflectivities are calculated to be 23, 37, 29 and 33% for the C band channels; 
and 100, 48, 67 and 98% for the L band channels, respectively. Thus, gain variation among 
eight WDM channels is less than 0.2 dB in the whole C + L region using one single-pump 
laser diode. 

4.3 Parallel type hybrid amplifier 
The proposed hybrid C+L band EDFA/RFA shares the same pump LD as shown in Fig. 16 
(Liaw et al., 2009). At the input part, a C/L-band WDM coupler is used to separate the C-
band and L-band signals. The C-band signals are then amplified using an EDFA and the L-
band signals are amplified with a RFA. They share the same pump LD at 1480 nm. The 
EDFA and RFA gains are designed to equalize the signal level of C+L band channels. Both 
the C-band and L-band WDM signals travel through the optical circulator (OC) from port 1 
and are then divided by the left-hand side C /L WDM coupler neighboring to OC. There are 
eight channel signals in the C band amplified by the forward pump EDFA. The C band 
pump reflector at the end of the EDF may reflect part (rather than 100%) of the residual 
pumping power to pass through the EDF again. Meanwhile, the L band signals will by-pass 
the EDF by going through a piece of standard fiber in-between the C/L band WDM coupler 
pair to avoid being absorbed by EDF. After that, the C+L band signals together with the 
Raman pumping power are fed into the dispersion compensation module (DCM). Each FBG 
is matched to a certain channel signal. Inside the DCM, different signals travel through 
different DCF lengths/segments. For example, signal L2 passes through DCFL2 and is then 
reflected by FBGL2. Signal C2 passes through DCFL2, DCFL3…DCFC2 is then reflected by 
FBGC2 and so forth. The Raman pump travels through all DCF segments and those FBGs in 
between them, and its residual pumping power will go back to this DCM again according to 
this configuration. Thus, the pumping light also double-passes the gain medium of the DCF 
to increase the pumping efficiency. All WDM signals travel back to the DCM after being 
reflected by their corresponding FBGs and are then divided into C- and L bands signals 
again by the right-hand-side C/L band WDM coupler. The C band signals are amplified 
again in the EDF section and are then combined with the L band signals via the left-hand-
side C/L band WDM coupler. The combined C+L band signals travel to the terminal 
coming out of port 3 of the OC. 
After the C band signals are amplified twice, the gain and noise figure (NF) of the amplifier 
for the WDM signals may be calculated at port 3 of the OC. Fig. 17 (a) and (b) (Liaw et al., 
2009) show the gain and NF characteristics with and without gain equalization. Note that 
from 1530 nm to 1545 nm, the gain is less than 20 dB when the FBG reflectivity is 99%, as 
shown in Fig. 17(a). It is interesting to find that the gain values increase to about 20 dB as the 
FGB reflectivity is reduced. The reason may be attributed to the EDFA homogeneous 
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improved with the C band reflector. The suggested optimum reflectivity for L band reflector is 
87.5% as the 1550 nm and 1580 nm have identical gain value. In this simulation, the total pump 
power is 545 mW and the residual pump power after passing through the L band RFA is 160 
mW. So, the idea launched power for the C band is 20 (160×12.5%) mW.  
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Fig. 14. Signals gain versus residual pump for L band (%) reusing. (Liaw et al., 2008) 
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Fig. 15. The WDM signals gain equalization by adjusting the reflectivities of FBGs (Liaw et 
al., 2008) 

For dispersion management, the travel length for each signal in the DCF is controlled by a 
corresponding FBG, the central wavelength of which is designed to match the signal 
wavelength. Each required DCF segment length can be predicted based on the following 
equation:  
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where DSMF and LSMF are the SMF dispersion parameter and the length, respectively, and 
DDCF is the DCF dispersion parameter. To minimize the residual WDM channel dispersion 
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in a system with 50 km SMF, the required DCF length is 6987 m for the longest wavelength 
at 1595 nm. It has the minimum dispersion value using this common DCF. As the signal 
wavelength decreases, the extra dispersion value increases. The residual dispersion value 
may be precisely compensated by writing FBGs (FBG1, FBG2, . . . , FBG8) at different 
positions for individual signal channels. So, the residual dispersion can be eliminated 
exactly. To implement the gain equalization for C+L-band channels, the reflectivity of eight 
FBGs are set as 100% in the beginning before (without) gain equalisation (GE), as shown in 
Fig. 15. (Liaw et al., 2008) We adjusted the L-band pump reflector as 87.5%, as mentioned. 
Next, we equalizd the WDM channels by adjusting the reflectivities of the FBGs. The 
optimum FBGs’ reflectivities are calculated to be 23, 37, 29 and 33% for the C band channels; 
and 100, 48, 67 and 98% for the L band channels, respectively. Thus, gain variation among 
eight WDM channels is less than 0.2 dB in the whole C + L region using one single-pump 
laser diode. 

4.3 Parallel type hybrid amplifier 
The proposed hybrid C+L band EDFA/RFA shares the same pump LD as shown in Fig. 16 
(Liaw et al., 2009). At the input part, a C/L-band WDM coupler is used to separate the C-
band and L-band signals. The C-band signals are then amplified using an EDFA and the L-
band signals are amplified with a RFA. They share the same pump LD at 1480 nm. The 
EDFA and RFA gains are designed to equalize the signal level of C+L band channels. Both 
the C-band and L-band WDM signals travel through the optical circulator (OC) from port 1 
and are then divided by the left-hand side C /L WDM coupler neighboring to OC. There are 
eight channel signals in the C band amplified by the forward pump EDFA. The C band 
pump reflector at the end of the EDF may reflect part (rather than 100%) of the residual 
pumping power to pass through the EDF again. Meanwhile, the L band signals will by-pass 
the EDF by going through a piece of standard fiber in-between the C/L band WDM coupler 
pair to avoid being absorbed by EDF. After that, the C+L band signals together with the 
Raman pumping power are fed into the dispersion compensation module (DCM). Each FBG 
is matched to a certain channel signal. Inside the DCM, different signals travel through 
different DCF lengths/segments. For example, signal L2 passes through DCFL2 and is then 
reflected by FBGL2. Signal C2 passes through DCFL2, DCFL3…DCFC2 is then reflected by 
FBGC2 and so forth. The Raman pump travels through all DCF segments and those FBGs in 
between them, and its residual pumping power will go back to this DCM again according to 
this configuration. Thus, the pumping light also double-passes the gain medium of the DCF 
to increase the pumping efficiency. All WDM signals travel back to the DCM after being 
reflected by their corresponding FBGs and are then divided into C- and L bands signals 
again by the right-hand-side C/L band WDM coupler. The C band signals are amplified 
again in the EDF section and are then combined with the L band signals via the left-hand-
side C/L band WDM coupler. The combined C+L band signals travel to the terminal 
coming out of port 3 of the OC. 
After the C band signals are amplified twice, the gain and noise figure (NF) of the amplifier 
for the WDM signals may be calculated at port 3 of the OC. Fig. 17 (a) and (b) (Liaw et al., 
2009) show the gain and NF characteristics with and without gain equalization. Note that 
from 1530 nm to 1545 nm, the gain is less than 20 dB when the FBG reflectivity is 99%, as 
shown in Fig. 17(a). It is interesting to find that the gain values increase to about 20 dB as the 
FGB reflectivity is reduced. The reason may be attributed to the EDFA homogeneous 
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broadening characteristics (HBC). As the reflectivities of signals in the longer wavelength 
range of 1550-1565 nm drop lower than those in the 1530-1545 nm range, the shorter 
wavelengths will obtain extra gain thank to HBC even though reflectivities of the 
corresponding FBGs are reduced. 
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Fig. 16. Parallel type hybrid amplifier. ( Liaw et al., 2009) 

4.4 Bridge type hybrid amplifier 
Figure 18 (Liaw et al., 2010) shows the bridge-type hybrid amplifier scheme using single-
wavelength pump source. All C+L band channels reach the 3-port OC after 50 km SMF 
transmission and then divided into two groups using a C/L WDM coupler. The C band 
signals enter the C band branch at the upper side and are then amplified by a pump source. 
A pump reflector is positioned at the EDF end which reflects the residual pump power for 
further EDF segment pumping. The L band signals enter the dispersion compensation 
module (DCM) via the L band branch of the C+L WDM coupler and then pass through the 
same DCM in the opposite direction. They will then be reflected by the corresponding FBGs 
and then travel back along the same DCF. A commercial SPF (also named as C band filter) 
may be located after the pump reflector to suppress the L-band amplified spontaneous 
emission (ASE) noise. When the residual signals enter the opposite band of the C+L WDM 
coupler (e.g., L band signals enter C band branch or vice versa), most of the residual signals 
and noise will be suppressed. The DCM is composed of several DCF segments with a FBG 
for each. Note that the path is a round-trip scheme for all signals to save 50% of the DCF 
length. After passing through several DCF segments, the C band signal λCj comes from the 
upper side of the DCM and travels along the fiber until it is reflected by FBGCj (1 j M). 
After that, λCj will travel back along the same path and then be amplified by EDFA again. 
Meanwhile, the L band signal λLk  (1 k N) comes from the lower side of the DCM and is 
then reflected by the FBGLk after passing through several DCF segments. Note that the DCM 
functions as a double-pass gain medium for the L band RFA. Finally, the C+L band signals 
are merged via the C/L WDM coupler, and then travel to their destination after leaving the 
3-port OC. Without loss of generality, we assume there are eight channels ranging from 
1530-1565 nm for the C band and six channels ranging from 1570-1595 nm for the L band. 
The designed input power is -20 dBm per channel before being launched into 
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Fig. 17. The gain and noise figures for the hybrid amplifier (a) without gain equalization (b) 
with gain equalization. (Liaw et al., 2009) 
 

 
Fig. 18. The bridge type hybrid amplifier scheme. ( Liaw et al., 2010) 
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broadening characteristics (HBC). As the reflectivities of signals in the longer wavelength 
range of 1550-1565 nm drop lower than those in the 1530-1545 nm range, the shorter 
wavelengths will obtain extra gain thank to HBC even though reflectivities of the 
corresponding FBGs are reduced. 
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Fig. 16. Parallel type hybrid amplifier. ( Liaw et al., 2009) 

4.4 Bridge type hybrid amplifier 
Figure 18 (Liaw et al., 2010) shows the bridge-type hybrid amplifier scheme using single-
wavelength pump source. All C+L band channels reach the 3-port OC after 50 km SMF 
transmission and then divided into two groups using a C/L WDM coupler. The C band 
signals enter the C band branch at the upper side and are then amplified by a pump source. 
A pump reflector is positioned at the EDF end which reflects the residual pump power for 
further EDF segment pumping. The L band signals enter the dispersion compensation 
module (DCM) via the L band branch of the C+L WDM coupler and then pass through the 
same DCM in the opposite direction. They will then be reflected by the corresponding FBGs 
and then travel back along the same DCF. A commercial SPF (also named as C band filter) 
may be located after the pump reflector to suppress the L-band amplified spontaneous 
emission (ASE) noise. When the residual signals enter the opposite band of the C+L WDM 
coupler (e.g., L band signals enter C band branch or vice versa), most of the residual signals 
and noise will be suppressed. The DCM is composed of several DCF segments with a FBG 
for each. Note that the path is a round-trip scheme for all signals to save 50% of the DCF 
length. After passing through several DCF segments, the C band signal λCj comes from the 
upper side of the DCM and travels along the fiber until it is reflected by FBGCj (1 j M). 
After that, λCj will travel back along the same path and then be amplified by EDFA again. 
Meanwhile, the L band signal λLk  (1 k N) comes from the lower side of the DCM and is 
then reflected by the FBGLk after passing through several DCF segments. Note that the DCM 
functions as a double-pass gain medium for the L band RFA. Finally, the C+L band signals 
are merged via the C/L WDM coupler, and then travel to their destination after leaving the 
3-port OC. Without loss of generality, we assume there are eight channels ranging from 
1530-1565 nm for the C band and six channels ranging from 1570-1595 nm for the L band. 
The designed input power is -20 dBm per channel before being launched into 
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Fig. 17. The gain and noise figures for the hybrid amplifier (a) without gain equalization (b) 
with gain equalization. (Liaw et al., 2009) 
 

 
Fig. 18. The bridge type hybrid amplifier scheme. ( Liaw et al., 2010) 
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the 3-port OC and the output power is 0 dBm after leaving port 3 of the OC, corresponding 
to a net gain of 20 dB for all C+L band channels. For dispersion compensation at 1595 nm in 
100 km SMF transmission, a DCF length of 1772 m (i.e., 8860 m in double-pass scheme) is 
required. Note that 8860 m is the common DCF length required, then the extra DCF needed 
for compensating the other WDM channels’ residual dispersion could be achieved by 
writing the corresponding FBGs at different positions. 
To implement the gain equalization for C+L band channels, the reflectance of fourteen FBGs 
are set as 99% at the beginning before (w/o) gain equalization (GE), as shown in Fig. 19(a) 
(Liaw et al., 2010). The maximum gain is 27 dB at 1530 nm and the minimum gain is 20.5 dB 
at 1570 nm, respectively. Next, we equalize the WDM channels by reducing the FBG 
reflectance (except that of 1530 nm) to achieve 20.5 dB net gain for all WDM channels. As 
shown in Fig. 19(b) (Liaw et al., 2010), the required FBG reflectance is calculated to be 23%, 
24%, 37%, 30%, 29%, 29%, 33%, and 68% for the C band channels, and 99%, 69%, 48%, 51%, 
67%, and 98% for the L band channels, respectively, with a 5 nm channel spacing. We 
calculate both the forward and the backward noises in DCM until it is convergent. The NF 
values of the channels range from 6.8 to 7.3 dB for the C band channels and 5.4 to 6.6 for the 
L band channels, respectively. 
 

 
                                       (a)                                                                         (b) 

Fig. 19. The net gain spectra and FBGs reflectance for all WDM channels (a) before gain 
equalization and (b) after gain equalization. (Liaw et al., 2010) 

4.5 Bidirectional hybrid amplifier 
Figure 20 (Guo et al., 2010) presents the hybrid fiber amplifier located in between two OCs. 
The hybrid fiber amplifier is then applied in a 50-km bi-directional LAN. The C band signals 
carry downlink data and the L band signals carry uplink data. Bi-directional operation can 
be realized using a pair of OCs. The pump light propagates together with the L band signals 
first. Bi-directional pumping is used for the L band signals to reduce the RFA polarization 
dependent gain (PDG) and to increase its gain. The residual pumping power transmits 
partially through the pump reflector to provide backward pumping for the C band signals 
in EDF. This pumping direction may increase the EDFA gain. In this pumping direction and 
ratio distribution we may obtain optimum gain results for both the EDFA RFA, respectively. 
For the optimal dispersion compensation issue, the C-band FBG arrays (FBGC1, FBGC2 ... and 
FBGCn) together with DCF segments may optimally compensate the chromatic dispersion 
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for all downlink channels. Different downlink channels are reflected by the corresponding 
FBGs at different positions, thus, they undergo different DCF lengths. Meanwhile, the L-
band FBG array (FBGL1, FBGL2 ... and FBGLn) optimally compensate for the chromatic 
dispersion of all uplink channels with various DCF lengths. The principle is similar to that 
of the C-band channels. The pump laser is coupled into the bi-directional hybrid amplifier 
by a 1495/1550 nm WDM coupler and the C/L coupler separates up and down link data. To 
suppress the possible leftover C-band signal in the L-band receiver or vice versa, the C band 
and L band filters may be inserted in front of the L band receiver and C band receiver, 
respectively.  
 

 
Fig. 20. Bidirectional hybrid amplifier (CO: central office, OC: optical circulator, FBG: fiber 
Bragg grating). (Guo et al., 2010) 

We first performed a theoretical analysis on the proposed hybrid amplifier. All of the 
channels have an input power of -20 dBm/ch. We then used a common DCF segment with a 
length of 7.82 km for dispersion compensation to all channels. Thus, only the 1605 nm 
channel is optimally dispersion compensated while other channels still have residual 
dispersion. Without loss of generality, experimental work was also carried out for two C 
band wavelengths (1545 and 1553 nm) and two L band wavelengths (1582 and 1597 nm), 
respectively. Two 1495 nm pumping sources with a total power of 900 mW were combined 
via a polarization beam combiner (PBC). They were launched into the DCF via a 1495/1550 
nm WDM coupler. Using simulation software, the reflectivities of all FBGs are set at 99% 
initially before gain equalization and shown as the black squares in Fig. 21 (a). Then we 
achieve gain equalization by adjusting FBGs’ reflectivities with 99.9% for 1570 nm and 4.2% 
for 1605 nm channel individually as indicated by the red circles. On the other hand, the 
experimentally measured FBGs reflectivities for 1545, 1553, 1582 and 1597 nm are 9.5%, 
5.2%, 20.3% and 9.7% respectively after gain equalization. In Fig. 21 (b), simulation results 
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the 3-port OC and the output power is 0 dBm after leaving port 3 of the OC, corresponding 
to a net gain of 20 dB for all C+L band channels. For dispersion compensation at 1595 nm in 
100 km SMF transmission, a DCF length of 1772 m (i.e., 8860 m in double-pass scheme) is 
required. Note that 8860 m is the common DCF length required, then the extra DCF needed 
for compensating the other WDM channels’ residual dispersion could be achieved by 
writing the corresponding FBGs at different positions. 
To implement the gain equalization for C+L band channels, the reflectance of fourteen FBGs 
are set as 99% at the beginning before (w/o) gain equalization (GE), as shown in Fig. 19(a) 
(Liaw et al., 2010). The maximum gain is 27 dB at 1530 nm and the minimum gain is 20.5 dB 
at 1570 nm, respectively. Next, we equalize the WDM channels by reducing the FBG 
reflectance (except that of 1530 nm) to achieve 20.5 dB net gain for all WDM channels. As 
shown in Fig. 19(b) (Liaw et al., 2010), the required FBG reflectance is calculated to be 23%, 
24%, 37%, 30%, 29%, 29%, 33%, and 68% for the C band channels, and 99%, 69%, 48%, 51%, 
67%, and 98% for the L band channels, respectively, with a 5 nm channel spacing. We 
calculate both the forward and the backward noises in DCM until it is convergent. The NF 
values of the channels range from 6.8 to 7.3 dB for the C band channels and 5.4 to 6.6 for the 
L band channels, respectively. 
 

 
                                       (a)                                                                         (b) 

Fig. 19. The net gain spectra and FBGs reflectance for all WDM channels (a) before gain 
equalization and (b) after gain equalization. (Liaw et al., 2010) 

4.5 Bidirectional hybrid amplifier 
Figure 20 (Guo et al., 2010) presents the hybrid fiber amplifier located in between two OCs. 
The hybrid fiber amplifier is then applied in a 50-km bi-directional LAN. The C band signals 
carry downlink data and the L band signals carry uplink data. Bi-directional operation can 
be realized using a pair of OCs. The pump light propagates together with the L band signals 
first. Bi-directional pumping is used for the L band signals to reduce the RFA polarization 
dependent gain (PDG) and to increase its gain. The residual pumping power transmits 
partially through the pump reflector to provide backward pumping for the C band signals 
in EDF. This pumping direction may increase the EDFA gain. In this pumping direction and 
ratio distribution we may obtain optimum gain results for both the EDFA RFA, respectively. 
For the optimal dispersion compensation issue, the C-band FBG arrays (FBGC1, FBGC2 ... and 
FBGCn) together with DCF segments may optimally compensate the chromatic dispersion 
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for all downlink channels. Different downlink channels are reflected by the corresponding 
FBGs at different positions, thus, they undergo different DCF lengths. Meanwhile, the L-
band FBG array (FBGL1, FBGL2 ... and FBGLn) optimally compensate for the chromatic 
dispersion of all uplink channels with various DCF lengths. The principle is similar to that 
of the C-band channels. The pump laser is coupled into the bi-directional hybrid amplifier 
by a 1495/1550 nm WDM coupler and the C/L coupler separates up and down link data. To 
suppress the possible leftover C-band signal in the L-band receiver or vice versa, the C band 
and L band filters may be inserted in front of the L band receiver and C band receiver, 
respectively.  
 

 
Fig. 20. Bidirectional hybrid amplifier (CO: central office, OC: optical circulator, FBG: fiber 
Bragg grating). (Guo et al., 2010) 

We first performed a theoretical analysis on the proposed hybrid amplifier. All of the 
channels have an input power of -20 dBm/ch. We then used a common DCF segment with a 
length of 7.82 km for dispersion compensation to all channels. Thus, only the 1605 nm 
channel is optimally dispersion compensated while other channels still have residual 
dispersion. Without loss of generality, experimental work was also carried out for two C 
band wavelengths (1545 and 1553 nm) and two L band wavelengths (1582 and 1597 nm), 
respectively. Two 1495 nm pumping sources with a total power of 900 mW were combined 
via a polarization beam combiner (PBC). They were launched into the DCF via a 1495/1550 
nm WDM coupler. Using simulation software, the reflectivities of all FBGs are set at 99% 
initially before gain equalization and shown as the black squares in Fig. 21 (a). Then we 
achieve gain equalization by adjusting FBGs’ reflectivities with 99.9% for 1570 nm and 4.2% 
for 1605 nm channel individually as indicated by the red circles. On the other hand, the 
experimentally measured FBGs reflectivities for 1545, 1553, 1582 and 1597 nm are 9.5%, 
5.2%, 20.3% and 9.7% respectively after gain equalization. In Fig. 21 (b), simulation results 
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show that the gain variation is as large as 4 dB among channels, as indicated by black 
squares before gain equalization. Nevertheless, the variation is greatly reduced to 0.5 dB 
after gain equalization by adjusting individual FBG’s reflectivities which is shown by red 
circles in Fig. 21 (b). Experiment results also confirm the gain values for channels at 1545, 
1553, 1582 and 1597 nm are 4.6, 5.0, 4.8 and 5.1 dB, respectively. The measured NFs after 
residual dispersion compensation, using the polarization nulling method, for 1545-, 1553, 
1582 and 1597 nm are 5.4, 5.0, 4.9 and 5.3 dB respectively. In this design, the L band signals 
neither transmit through nor interact with the EDF. We also find that the L band signals 
have no impact on the gain/power and NFs of the C-band signals.  
 

 
                                      (a)                                                                               (b) 
Fig. 21. (a) FBG reflectivity versus wavelength before and after gain equalization; (b) Gain 
versus wavelength of the hybrid fiber amplifier before and after equalization. (Guo et al., 
2010). 

4.6 Summary 
Four hybrid fiber amplifier for simultaneously amplifying the C band EDFA and L band 
RFA were studied. These hybrid C+L band amplifiers have several common advantages: (1) 
The required DCF length for chromatic dispersion compensation is 50% saved. (2) Residual 
dispersion is exactly compensated for all C+L band channels by writing FBGs at appropriate 
locations individually. (3) The reduction of gain variation could be realized after optimizing 
the reflectivity of each FBG. (4) Pump efficiency is improved by recycling the residual 
pumping power using a pump reflector. (5) The ASE noise and residual signal power that 
arise from the opposite bands are greatly suppressed by WDM coupler or filter. With these 
merits, these proposed hybrid amplifiers may find vast applications in uni- or bidirectional 
WDM long-haul systems, local area network, and optical networks where dispersion 
management and power equalization are crucial issues. 

5. FBG-based optical networks devices with built-in fiber amplifier 
5.1 Introduction 
Recently, a significant amount of effort has been devoted to the design of high-capacity, 
flexible, reliable and transparent multi-wavelength optical networks (Liaw et al., 1998). 
Among them, optical add-drop multiplexer (OADM) is one of the fundamental building 
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blocks for a multi-wavelength optical network (Riziotis et al., 2002), such as the dense 
wavelength-division-multiplexing (WDM) system and optical networks. A reconfigurable 
OADM (ROADM) is capable of accessing all wavelengths to and from the WDM optical 
networks, providing the network flexibility, versatility, survivability (Liaw et al., 1998). 
Compared to unidirectional transmission, bidirectional transmission has the merit of 50% 
cost reduction for optical fibers and the required number of passive fiber components may 
therefore be reduced. In optical networks, an optical cross-connect (OXC) device is also an 
essential equipment for wavelength exchanging and routing. It allows the optical network to 
be reconfigured on a wavelength-by-wavelength basis to interchange and optimize traffic 
patterns, and provides the routing function, facilitate network growth, and enhance network 
survivability (Brackett et al., 1996).  
FBGs have the advantages of better uniformity, high contrast ratio and low cost. Hence, 
FBG-based unidirectional ROADM, bidirectional ROADM were investigated, with a low-
cost optical amplifier acts as a gain provider in both cases. In addition, an FBG-based OXC 
integrated with optical limiting amplifiers (OLA’s) to provide a large dynamic range and 
self-equalization is also introduced in this section.  

5.2 Amplifier in Unidirectional ROADM 
Figure 22 (Liaw et al., 2007) shows a unidirectional ROADM which could add/drop one 
channel simultaneously. The ROADM consists of two three-port OCs, an l x N mechanical 
OSW pair and N pieces of FBGs. One TFBG is connected to port 1 of the OSW pair while the 
other (N-1) pieces of FBGs are temperature-compensated with fixed wavelengths. The 
central reflective wavelengths of the original TFBG1 and the FBGi, (i=2…4) are designed to 
match the WDM wavelengths in our experiment. In order to compensate the optical loss, a 
low-gain optical amplifier is constructed by sharing a low-cost 980 nm pump laser with two 
pieces of EDFs located between OC1 and OC2. A certain WDM channel can be dropped by 
adjusting the OSW pair to the proper port. For instance, when port 3 of the OSW pair is 
connected to the OC pair, the launched λ3 is reflected by FBG3 and then dropped from port 3 
of the OC1. Meanwhile, the remaining three WDM signals pass through OC2 of the 
ROADM. Moreover, a new signal λ’3 with the same wavelength of λ3 is added into the 
ROADM via port l of the OC2. If there is no channel to be dropped, the OSW is switched to 
port 1 and the TFBG is tuned away from the original wavelength of λ1. In another scenario, 
if the dropped channel does not match to any FBG wavelength at the beginning, port 1 of 
the OSW is selected and the TFBG is appropriately tuned to match that certain wavelength. 
This simple lxN mechanical OSW pair can fulfill these functions when the switching speed 
is within several msec. To avoid data loss, a faster switch such as an opto-electrical switch or 
magnetic switch could be used instead. 
Figure 23 shows an experimental setup to verify the ROADM performance. Four distributed 
feedback (DFB) lasers with central reflective wavelengths matched to λ1, λ2, λ3 and λ4 are 
externally modulated with a 10 Gb/s 231-1 pseudo random bit sequence (PRBS), non-return-
to-zero (NRZ) format. Two spools of 50 km SMF are used as the transmission link. Two 
dispersion compensation modules (DCMs) are adopted, with each of them can compensate 
for 50 km SMF. An optical band pass filter (OBPF) with 3-dB bandwidth of 1.2 nm and 
insertion loss of 2.0 dB is located at the receiving end to select the WDM channels for 
detection. An InGaAs avalanche photodiode (APD) of -19.4 dBm sensitivity is used as the 
receiver with low noise. A small power penalty of 1.2 dB @10-9 BER for the added channel is 
observed. This 1.2 dB power penalty may be due to the residual signal (λ3) power that 
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show that the gain variation is as large as 4 dB among channels, as indicated by black 
squares before gain equalization. Nevertheless, the variation is greatly reduced to 0.5 dB 
after gain equalization by adjusting individual FBG’s reflectivities which is shown by red 
circles in Fig. 21 (b). Experiment results also confirm the gain values for channels at 1545, 
1553, 1582 and 1597 nm are 4.6, 5.0, 4.8 and 5.1 dB, respectively. The measured NFs after 
residual dispersion compensation, using the polarization nulling method, for 1545-, 1553, 
1582 and 1597 nm are 5.4, 5.0, 4.9 and 5.3 dB respectively. In this design, the L band signals 
neither transmit through nor interact with the EDF. We also find that the L band signals 
have no impact on the gain/power and NFs of the C-band signals.  
 

 
                                      (a)                                                                               (b) 
Fig. 21. (a) FBG reflectivity versus wavelength before and after gain equalization; (b) Gain 
versus wavelength of the hybrid fiber amplifier before and after equalization. (Guo et al., 
2010). 

4.6 Summary 
Four hybrid fiber amplifier for simultaneously amplifying the C band EDFA and L band 
RFA were studied. These hybrid C+L band amplifiers have several common advantages: (1) 
The required DCF length for chromatic dispersion compensation is 50% saved. (2) Residual 
dispersion is exactly compensated for all C+L band channels by writing FBGs at appropriate 
locations individually. (3) The reduction of gain variation could be realized after optimizing 
the reflectivity of each FBG. (4) Pump efficiency is improved by recycling the residual 
pumping power using a pump reflector. (5) The ASE noise and residual signal power that 
arise from the opposite bands are greatly suppressed by WDM coupler or filter. With these 
merits, these proposed hybrid amplifiers may find vast applications in uni- or bidirectional 
WDM long-haul systems, local area network, and optical networks where dispersion 
management and power equalization are crucial issues. 

5. FBG-based optical networks devices with built-in fiber amplifier 
5.1 Introduction 
Recently, a significant amount of effort has been devoted to the design of high-capacity, 
flexible, reliable and transparent multi-wavelength optical networks (Liaw et al., 1998). 
Among them, optical add-drop multiplexer (OADM) is one of the fundamental building 
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blocks for a multi-wavelength optical network (Riziotis et al., 2002), such as the dense 
wavelength-division-multiplexing (WDM) system and optical networks. A reconfigurable 
OADM (ROADM) is capable of accessing all wavelengths to and from the WDM optical 
networks, providing the network flexibility, versatility, survivability (Liaw et al., 1998). 
Compared to unidirectional transmission, bidirectional transmission has the merit of 50% 
cost reduction for optical fibers and the required number of passive fiber components may 
therefore be reduced. In optical networks, an optical cross-connect (OXC) device is also an 
essential equipment for wavelength exchanging and routing. It allows the optical network to 
be reconfigured on a wavelength-by-wavelength basis to interchange and optimize traffic 
patterns, and provides the routing function, facilitate network growth, and enhance network 
survivability (Brackett et al., 1996).  
FBGs have the advantages of better uniformity, high contrast ratio and low cost. Hence, 
FBG-based unidirectional ROADM, bidirectional ROADM were investigated, with a low-
cost optical amplifier acts as a gain provider in both cases. In addition, an FBG-based OXC 
integrated with optical limiting amplifiers (OLA’s) to provide a large dynamic range and 
self-equalization is also introduced in this section.  

5.2 Amplifier in Unidirectional ROADM 
Figure 22 (Liaw et al., 2007) shows a unidirectional ROADM which could add/drop one 
channel simultaneously. The ROADM consists of two three-port OCs, an l x N mechanical 
OSW pair and N pieces of FBGs. One TFBG is connected to port 1 of the OSW pair while the 
other (N-1) pieces of FBGs are temperature-compensated with fixed wavelengths. The 
central reflective wavelengths of the original TFBG1 and the FBGi, (i=2…4) are designed to 
match the WDM wavelengths in our experiment. In order to compensate the optical loss, a 
low-gain optical amplifier is constructed by sharing a low-cost 980 nm pump laser with two 
pieces of EDFs located between OC1 and OC2. A certain WDM channel can be dropped by 
adjusting the OSW pair to the proper port. For instance, when port 3 of the OSW pair is 
connected to the OC pair, the launched λ3 is reflected by FBG3 and then dropped from port 3 
of the OC1. Meanwhile, the remaining three WDM signals pass through OC2 of the 
ROADM. Moreover, a new signal λ’3 with the same wavelength of λ3 is added into the 
ROADM via port l of the OC2. If there is no channel to be dropped, the OSW is switched to 
port 1 and the TFBG is tuned away from the original wavelength of λ1. In another scenario, 
if the dropped channel does not match to any FBG wavelength at the beginning, port 1 of 
the OSW is selected and the TFBG is appropriately tuned to match that certain wavelength. 
This simple lxN mechanical OSW pair can fulfill these functions when the switching speed 
is within several msec. To avoid data loss, a faster switch such as an opto-electrical switch or 
magnetic switch could be used instead. 
Figure 23 shows an experimental setup to verify the ROADM performance. Four distributed 
feedback (DFB) lasers with central reflective wavelengths matched to λ1, λ2, λ3 and λ4 are 
externally modulated with a 10 Gb/s 231-1 pseudo random bit sequence (PRBS), non-return-
to-zero (NRZ) format. Two spools of 50 km SMF are used as the transmission link. Two 
dispersion compensation modules (DCMs) are adopted, with each of them can compensate 
for 50 km SMF. An optical band pass filter (OBPF) with 3-dB bandwidth of 1.2 nm and 
insertion loss of 2.0 dB is located at the receiving end to select the WDM channels for 
detection. An InGaAs avalanche photodiode (APD) of -19.4 dBm sensitivity is used as the 
receiver with low noise. A small power penalty of 1.2 dB @10-9 BER for the added channel is 
observed. This 1.2 dB power penalty may be due to the residual signal (λ3) power that 



 Advances in Optical Amplifiers 

 

398 

contaminates the added channel, and back reflection occurred at the connector interface. 
Hence, the BER performance confirms the feasibility of the ROADM.  
 

 

Fig. 22. Scheme of the unidirectional ROADM. (Liaw et al., 2007) 

 

 
Fig. 23. Experimental set up to verify the BER performance of the ROADM. (Liaw et al., 
2007) 

This ROADM has four advantages; firstly, it could increase the pumping efficiency by using 
the residual pumping power to pump other piece of EDF. Either the added, dropped or 
pass-through channel are amplified twice. Secondly, all channels are pumped along the 
forward and then the backward paths. Such pump scheme could decrease the NF while 
increasing the gain of EDFA. Thirdly, the ROADM is cost effective with high reliability. And 
fourth, it provides a net gain with small gain variation.  

5.3 Amplifier in bidirectional ROADM 
A bidirectional ROADM (Bi-ROADM) is a promising candidate in Bi-WDM networks or 
ring networks because it could replace two ROADMs for each transmission direction. The 
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proposed Bi-ROADM is shown in Fig. 24 (Liaw et al., 2008). The three-port OC1 is for 
adding and dropping downstream signals, while OC3 is for adding and dropping upstream 
signals, respectively. Here λ1, λ3... λ2n-1 are downstream signals and λ2, λ4... λ2n are upstream 
signals. 2N pieces of TFBGs were written on EDF or spliced within the EDF segment are 
used, with whose original reflective wavelength set to match one of the individual channels 
λ1, λ2, . . . , λ2n. The FBG reflectivity should be as high as possible to avoid homodyne 
crosstalk. The wavelengths could be designated according to the ITU grid of 100 GHz 
channel spacing Δλ or its multiple. To reduce the possible interband cross talk, two groups 
of bidirectional channels λ1, λ3 , . . . , λ2n−1 and λ2, λ4 , . . . , λ2n could be interleaved. The FBG-
based ROADM has a narrow 3-dB bandwidth, so the noise near the signal wavelength will 
be greatly suppressed after the wavelength signal is reflected (filtered). Therefore, there will 
be less cross talk induced from the adjacent channels compared with a WDM thin-film filter 
(TFF) or an arrayed waveguide grating (AWG). We define λ3 as the passed-through signal 
because it does not need to be dropped midway. If TFBG3 is tuned by 1 nm away, λ1 will be 
dropped via port 3 of the OC1. Meanwhile, another new wavelength λ’1 will come into the 
Bi-ROADM via port 1 of the OC1 and will reach the four-port OC via its port 2. Finally, λ’1 
will reach the downstream terminal at the right-hand side of Bi-ROADM. Two WDM 
coupler are used in this Bi-ROADM to launch the pump power at 1480 nm for obtaining 
enough gain for power compensation. 
 

 

Fig. 24. Bidirectional ROADM. (Liaw et al., 2008) 

Figure 25(a) (Liaw et al., 2008) shows variation in power level of the dropped channel λ1 
with or without using an EDFA for power compensation when TFBG1 is tuned away from 
its original wavelength (λ1 and λ3 :downstream, λ2 and λ4 : upstream). For broadband and 
gain equalization among this ROADM channels, the designed channel spacing Δλ is 2.4 nm  
for the bidirectional transmission signals in an interleaved wavelength allocation and 600 
GHz for the unidirectional transmission. The optimal wavelength shift of the TFBG is 2.4 
nm, and can be realized via strain or compression. In this ROADM, it is possible to 
simultaneously drop multiple wavelengths. Each FBG is individually controlled by a three-
point bending device. Approximately 0.7% of the λ3 signal power will penetrate TFBG3 and 
then go to the dropped port. The power level difference between λ1 and λ3 is 24.79 dB after 
adding EDFA, which is an interband (heterodyne) cross talk to λ1 and can be neglected (Ho 
et al., 1998) because the channel spacing is almost three times the 1.6 nm spacing. Intraband 
(homodyne) cross talk for λ3 also occurs. The intend-to-add signal λ’3 is reflected by TFBG3 
and goes to port 3 of the OC1. The power loss for the dropped channel could be 
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contaminates the added channel, and back reflection occurred at the connector interface. 
Hence, the BER performance confirms the feasibility of the ROADM.  
 

 

Fig. 22. Scheme of the unidirectional ROADM. (Liaw et al., 2007) 

 

 
Fig. 23. Experimental set up to verify the BER performance of the ROADM. (Liaw et al., 
2007) 

This ROADM has four advantages; firstly, it could increase the pumping efficiency by using 
the residual pumping power to pump other piece of EDF. Either the added, dropped or 
pass-through channel are amplified twice. Secondly, all channels are pumped along the 
forward and then the backward paths. Such pump scheme could decrease the NF while 
increasing the gain of EDFA. Thirdly, the ROADM is cost effective with high reliability. And 
fourth, it provides a net gain with small gain variation.  

5.3 Amplifier in bidirectional ROADM 
A bidirectional ROADM (Bi-ROADM) is a promising candidate in Bi-WDM networks or 
ring networks because it could replace two ROADMs for each transmission direction. The 

Fiber-Bragg-Grating Based Optical Amplifiers   

 

399 

proposed Bi-ROADM is shown in Fig. 24 (Liaw et al., 2008). The three-port OC1 is for 
adding and dropping downstream signals, while OC3 is for adding and dropping upstream 
signals, respectively. Here λ1, λ3... λ2n-1 are downstream signals and λ2, λ4... λ2n are upstream 
signals. 2N pieces of TFBGs were written on EDF or spliced within the EDF segment are 
used, with whose original reflective wavelength set to match one of the individual channels 
λ1, λ2, . . . , λ2n. The FBG reflectivity should be as high as possible to avoid homodyne 
crosstalk. The wavelengths could be designated according to the ITU grid of 100 GHz 
channel spacing Δλ or its multiple. To reduce the possible interband cross talk, two groups 
of bidirectional channels λ1, λ3 , . . . , λ2n−1 and λ2, λ4 , . . . , λ2n could be interleaved. The FBG-
based ROADM has a narrow 3-dB bandwidth, so the noise near the signal wavelength will 
be greatly suppressed after the wavelength signal is reflected (filtered). Therefore, there will 
be less cross talk induced from the adjacent channels compared with a WDM thin-film filter 
(TFF) or an arrayed waveguide grating (AWG). We define λ3 as the passed-through signal 
because it does not need to be dropped midway. If TFBG3 is tuned by 1 nm away, λ1 will be 
dropped via port 3 of the OC1. Meanwhile, another new wavelength λ’1 will come into the 
Bi-ROADM via port 1 of the OC1 and will reach the four-port OC via its port 2. Finally, λ’1 
will reach the downstream terminal at the right-hand side of Bi-ROADM. Two WDM 
coupler are used in this Bi-ROADM to launch the pump power at 1480 nm for obtaining 
enough gain for power compensation. 
 

 

Fig. 24. Bidirectional ROADM. (Liaw et al., 2008) 

Figure 25(a) (Liaw et al., 2008) shows variation in power level of the dropped channel λ1 
with or without using an EDFA for power compensation when TFBG1 is tuned away from 
its original wavelength (λ1 and λ3 :downstream, λ2 and λ4 : upstream). For broadband and 
gain equalization among this ROADM channels, the designed channel spacing Δλ is 2.4 nm  
for the bidirectional transmission signals in an interleaved wavelength allocation and 600 
GHz for the unidirectional transmission. The optimal wavelength shift of the TFBG is 2.4 
nm, and can be realized via strain or compression. In this ROADM, it is possible to 
simultaneously drop multiple wavelengths. Each FBG is individually controlled by a three-
point bending device. Approximately 0.7% of the λ3 signal power will penetrate TFBG3 and 
then go to the dropped port. The power level difference between λ1 and λ3 is 24.79 dB after 
adding EDFA, which is an interband (heterodyne) cross talk to λ1 and can be neglected (Ho 
et al., 1998) because the channel spacing is almost three times the 1.6 nm spacing. Intraband 
(homodyne) cross talk for λ3 also occurs. The intend-to-add signal λ’3 is reflected by TFBG3 
and goes to port 3 of the OC1. The power loss for the dropped channel could be 
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compensated by the built-in EDFA. Figure 25(b) (Liaw et al., 2008) shows the superimposed 
optical spectra of the passed-through signal λ3 observed at the downstream path output 
with or without an EDFA. Two weak upstream signals λ2 and λ4 will arise due to −30 dB 
Rayleigh backscattering along the fiber. A residual signal power for λ1 still remains due to 
the connector reflection from port 2 of the OC2 and the Rayleigh backscattering of λ1 when it 
travels along the path from OC2 to OC1. Figure 25(c) (Liaw et al., 2008) shows the added 
signal λ’1 and the passed-through signal λ3 observed at the output of the downstream path. 
In summary, the insertion loss of dropped, added, and passed-through signals have the 
same values to make the Bi-ROADM a symmetric module. The power level of amplified 
signals in Figs. 25(a)–25(c) are almost the same, making the Bi-ROADM a gain flattening and 
lossless module.  
 

 
                                                   (a)                                                          (b) 
 

 
(c) 

Fig. 25. (a) Dropped signal (λ1) with and without use of an EDFA, (b) superposed optical 
spectra of the passed-through signals (λ3) at the output terminal of the downstream path 
with or without use of an EDFA, and (c) added signal λ’1 and the passed-through signal λ3  

at the downstream output port. Insertion loss of all wavelengths is included during 
measurement. (Liaw et al., 2008) 

5.4 Amplifier in unidirectional optical cross connect 
Figure 26 (Liaw et al.,1999) shows the schematic diagram of the unidirectional OXC. There 
are two input ports I1 and I2 and two output ports O1 and O2 in the OXC. The OXC also 
consists of numbers of XC units and two sets of bidirectional EDFAs (Bi-EDFAs). Each XC 
unit includes one OSW, one short piece of SMF and one FBGi (i=1, 2, . . , N). The FBGi is 
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designed to match to the WDM-channel signals of λi and λ’i transmitted in the upper and 
lower fiber link. Without wavelength interchange, all signals are reflected by the FBGs due 
to bar-state status of all the OSW’s and then travel back to port 3 of the corresponding 
OC1/OC2, thus all wavelength channels are the passing channels. If wavelength 
interchange is required, for example, the exchange of λ1, λN  with λ’1, λ’N, the corresponding 
OSW could be switched to the cross-state. Therefore, λ1, λ’1, λN, and λ’N will pass through 
the FBG chain of XC units and exchange to another output port (I1 to O2, I2 to O1). The WDM 
channels λ1, λ’1, λN and λ’N are reflected by the corresponding FBGs in the XC units and pass 
through via port I1 to O1 and port I2 to O2, respectively. Even if λ1 and λ’1, for example, 
appear simultaneously, because the interaction distance is very short and other reflections 
are small, Rayleigh back-scattering may induce negligible degradation. All WDM channels 
are amplified twice by the Bi-EDFA(s). The passing channels travel round-trip and are 
amplified twice by the same Bi-EDFA while the crossing channels are amplified once by 
each Bi-EDFA. For both cases, two Bi-EDFAs act as the optical limiting amplifiers (OLAs) to 
improve the input dynamic range and increase the link budget. The laser pump can be 
shared by two Bi-EDFAs for cost saving. In these implementation of the OXC, all passing 
channels are reflected by the corresponding FBGs. In another implementation, the label of 
O1 and O2 can be interchanged and all passing channels (i.e., signals from I1 to new O1 or 
from I2 to new O2) do not interact with the corresponding FBGs, but rather the crossing 
channels interact with the corresponding FBGs. 
 

 

Fig. 26. Unidirectional optical cross connect. Bi-EDFA: bidirectional EDFA. (Liaw et al.,1999) 

When TLS1 and TLS2 are launched from I1, Fig. 27(a) (Liaw et al., 1999) shows the passing 
signal of 1557.1 nm observed at O1 and Fig. 27(b) (Liaw et al., 1999) is the crossing signal of 
1559.4 nm observed at O2. The insertion loss of the OXC for both the passing and crossing 
signals is about 2.5 dB. No Bi-EDFA is used during measure the insertion loss of the OXC.  
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compensated by the built-in EDFA. Figure 25(b) (Liaw et al., 2008) shows the superimposed 
optical spectra of the passed-through signal λ3 observed at the downstream path output 
with or without an EDFA. Two weak upstream signals λ2 and λ4 will arise due to −30 dB 
Rayleigh backscattering along the fiber. A residual signal power for λ1 still remains due to 
the connector reflection from port 2 of the OC2 and the Rayleigh backscattering of λ1 when it 
travels along the path from OC2 to OC1. Figure 25(c) (Liaw et al., 2008) shows the added 
signal λ’1 and the passed-through signal λ3 observed at the output of the downstream path. 
In summary, the insertion loss of dropped, added, and passed-through signals have the 
same values to make the Bi-ROADM a symmetric module. The power level of amplified 
signals in Figs. 25(a)–25(c) are almost the same, making the Bi-ROADM a gain flattening and 
lossless module.  
 

 
                                                   (a)                                                          (b) 
 

 
(c) 

Fig. 25. (a) Dropped signal (λ1) with and without use of an EDFA, (b) superposed optical 
spectra of the passed-through signals (λ3) at the output terminal of the downstream path 
with or without use of an EDFA, and (c) added signal λ’1 and the passed-through signal λ3  

at the downstream output port. Insertion loss of all wavelengths is included during 
measurement. (Liaw et al., 2008) 

5.4 Amplifier in unidirectional optical cross connect 
Figure 26 (Liaw et al.,1999) shows the schematic diagram of the unidirectional OXC. There 
are two input ports I1 and I2 and two output ports O1 and O2 in the OXC. The OXC also 
consists of numbers of XC units and two sets of bidirectional EDFAs (Bi-EDFAs). Each XC 
unit includes one OSW, one short piece of SMF and one FBGi (i=1, 2, . . , N). The FBGi is 
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designed to match to the WDM-channel signals of λi and λ’i transmitted in the upper and 
lower fiber link. Without wavelength interchange, all signals are reflected by the FBGs due 
to bar-state status of all the OSW’s and then travel back to port 3 of the corresponding 
OC1/OC2, thus all wavelength channels are the passing channels. If wavelength 
interchange is required, for example, the exchange of λ1, λN  with λ’1, λ’N, the corresponding 
OSW could be switched to the cross-state. Therefore, λ1, λ’1, λN, and λ’N will pass through 
the FBG chain of XC units and exchange to another output port (I1 to O2, I2 to O1). The WDM 
channels λ1, λ’1, λN and λ’N are reflected by the corresponding FBGs in the XC units and pass 
through via port I1 to O1 and port I2 to O2, respectively. Even if λ1 and λ’1, for example, 
appear simultaneously, because the interaction distance is very short and other reflections 
are small, Rayleigh back-scattering may induce negligible degradation. All WDM channels 
are amplified twice by the Bi-EDFA(s). The passing channels travel round-trip and are 
amplified twice by the same Bi-EDFA while the crossing channels are amplified once by 
each Bi-EDFA. For both cases, two Bi-EDFAs act as the optical limiting amplifiers (OLAs) to 
improve the input dynamic range and increase the link budget. The laser pump can be 
shared by two Bi-EDFAs for cost saving. In these implementation of the OXC, all passing 
channels are reflected by the corresponding FBGs. In another implementation, the label of 
O1 and O2 can be interchanged and all passing channels (i.e., signals from I1 to new O1 or 
from I2 to new O2) do not interact with the corresponding FBGs, but rather the crossing 
channels interact with the corresponding FBGs. 
 

 

Fig. 26. Unidirectional optical cross connect. Bi-EDFA: bidirectional EDFA. (Liaw et al.,1999) 

When TLS1 and TLS2 are launched from I1, Fig. 27(a) (Liaw et al., 1999) shows the passing 
signal of 1557.1 nm observed at O1 and Fig. 27(b) (Liaw et al., 1999) is the crossing signal of 
1559.4 nm observed at O2. The insertion loss of the OXC for both the passing and crossing 
signals is about 2.5 dB. No Bi-EDFA is used during measure the insertion loss of the OXC.  
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Fig. 27. Optical spectra of (a) the passing signal of 1557.1 nm at port O1 and (b) the crossing 
signal of 1559.4 nm at port O2. The insertion loss of the OXC for both the pass-through and 
cross-connect signals is about 2.5 dB. No Bi-EDFA was used during spectra measurement. 
(Liaw et al., 1999) 

5.5 Conclusion 
TFBGs with superior tuning ability, high reflectivity, and a high cross-talk rejection ratio 
were introduced inside the ROADM module. The power compensated ROADM based on 
TFBG/FBGs is low cost, low noise figure, equal gain among channels and with 8.0 dB net 
gain to compensate the insertion loss. The Bi-ROADM has benefits of low cost and equal 
gain among channels. It is symmetric characteristic, simpler, lower power penalties and 
smaller optical amplifier gain variation than a conventional ROADM system does. The 2×2 
OXC based on FBG‘s has the advantages of low channel crosstalk, high dynamic range, 
uniform loss spectra for WDM channels, simple operation mechanism and low cost which 
could provide more reconfiguration flexibility and network survivability for WDM 
networks. 
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Fig. 27. Optical spectra of (a) the passing signal of 1557.1 nm at port O1 and (b) the crossing 
signal of 1559.4 nm at port O2. The insertion loss of the OXC for both the pass-through and 
cross-connect signals is about 2.5 dB. No Bi-EDFA was used during spectra measurement. 
(Liaw et al., 1999) 
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smaller optical amplifier gain variation than a conventional ROADM system does. The 2×2 
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1. Introduction     
Passive optical network (PON) systems are being used to create cost-effective optical access 
network systems (H. Shinohara, 2007) because the central office equipment and the optical 
transmission fibers can be shared by several customers.  To offer PON-based optical access 
services more economically, the optical line terminal (OLT) installed in the central office 
must accommodate as many customers as possible and as efficiently as possible.  In areas 
that have relatively lower service demand, it is important to enlarge the transmission 
distance between the OLT and optical network units (ONUs) in customer premises.  In areas 
that have relatively higher densities, it is important to increase the splitting number of 
optical splitters.  Both actions minimize the need to install additional OLTs in the central 
office.  Enlarging the transmission distance enables remote customers to be serviced while 
retaining the cost benefits of the PON systems and increasing the splitting ratio enables a 
system to offer the services to many more urban customers. 
To enlarge the transmission distance, we developed a PON repeater or a PON extender box 
with 3R (reshaping, re-timing, and regenerating) functions (K-I. Suzuki, et al., 2002).  
However, the 3R functions require a dedicated repeater to be developed for each PON 
system given that there are various transmission bit-rates and transmission protocols 
specified in ITU-T Recommendation G.984 series, IEEE 802.3ah, and so on.  Therefore, we 
investigated the use of optical amplifiers as the PON repeaters because these can amplify 
optical signals regardless of the transmission bit-rate and/or protocol because their 
amplifications do not require any O/E (optical to electrical) conversion and/or E/O 
(electrical to optical) conversion. Therefore, we have intensively investigated long-reach 
PON systems based on optical amplifiers (K-I. Suzuki, et al., R. Davely, et. al., 2009, F. 
Saliou, et. al., 2009). Moreover, PON-extender boxes were standardized as ITU-T 
Recommendation G.984.6 to realize long-reach gigabit PON systems. 
Figure 1 shows the long-reach PON system with the repeatered system configuration for 
single fiber WDM (Wavelength Division Multiplexing). In current PON systems, which have 
been widely installed in the world, upstream and downstream wavelengths lie in the 1.31 
μm region and the 1.49 μm region, respectively. Different maximum OLT-ONU distances 
are specified in different standards but the range is, logically, from 10 to 60 km. 
Engineering-wise, however, the maximum OLT-ONU transmission distance depends on the 
splitting loss of the optical splitter and is as short as 7 km with the splitting number of 32 (H. 
Ueda, et. al., 1999).  Moreover, the maximum number of branches continues to increase with 
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network systems (H. Shinohara, 2007) because the central office equipment and the optical 
transmission fibers can be shared by several customers.  To offer PON-based optical access 
services more economically, the optical line terminal (OLT) installed in the central office 
must accommodate as many customers as possible and as efficiently as possible.  In areas 
that have relatively lower service demand, it is important to enlarge the transmission 
distance between the OLT and optical network units (ONUs) in customer premises.  In areas 
that have relatively higher densities, it is important to increase the splitting number of 
optical splitters.  Both actions minimize the need to install additional OLTs in the central 
office.  Enlarging the transmission distance enables remote customers to be serviced while 
retaining the cost benefits of the PON systems and increasing the splitting ratio enables a 
system to offer the services to many more urban customers. 
To enlarge the transmission distance, we developed a PON repeater or a PON extender box 
with 3R (reshaping, re-timing, and regenerating) functions (K-I. Suzuki, et al., 2002).  
However, the 3R functions require a dedicated repeater to be developed for each PON 
system given that there are various transmission bit-rates and transmission protocols 
specified in ITU-T Recommendation G.984 series, IEEE 802.3ah, and so on.  Therefore, we 
investigated the use of optical amplifiers as the PON repeaters because these can amplify 
optical signals regardless of the transmission bit-rate and/or protocol because their 
amplifications do not require any O/E (optical to electrical) conversion and/or E/O 
(electrical to optical) conversion. Therefore, we have intensively investigated long-reach 
PON systems based on optical amplifiers (K-I. Suzuki, et al., R. Davely, et. al., 2009, F. 
Saliou, et. al., 2009). Moreover, PON-extender boxes were standardized as ITU-T 
Recommendation G.984.6 to realize long-reach gigabit PON systems. 
Figure 1 shows the long-reach PON system with the repeatered system configuration for 
single fiber WDM (Wavelength Division Multiplexing). In current PON systems, which have 
been widely installed in the world, upstream and downstream wavelengths lie in the 1.31 
μm region and the 1.49 μm region, respectively. Different maximum OLT-ONU distances 
are specified in different standards but the range is, logically, from 10 to 60 km. 
Engineering-wise, however, the maximum OLT-ONU transmission distance depends on the 
splitting loss of the optical splitter and is as short as 7 km with the splitting number of 32 (H. 
Ueda, et. al., 1999).  Moreover, the maximum number of branches continues to increase with 
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the example being a G-PON with 64 branches (logically up to 128).  Basing the PON repeater 
on optical amplifiers is a promising approach to achieving both longer transmission 
distances and higher splitting numbers. 
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Fig. 1. Long-reach PON system with the repeatered system configuration for single fiber 
WDM 

I next explain the transmission signals in PON systems.  As the downstream optical signal is 
a continuous wave, we can employ an optical amplifier with conventional techniques.  In 
the upstream direction, on the other hand, as the distances between the OLT and each ONU 
differ, the OLT must be able to receive optical burst signals with different intensities from 
the ONUs. It is clear that the PON repeater based on optical amplifiers must also be able to 
amplify these signals without any distortion. However, optical burst signal amplification 
leads to optical surges as shown in Fig.2, which may well cause failure of the optical receiver 
as well as interfering with the reception of normal signals at the OLT due to gain dynamics. 
So we have to use burst-mode optical amplifiers to suppress these optical surges and 
achieve gain stabilization. 
In this chapter, I present burst-mode optical amplifiers for PON systems based on a couple 
of linear-gain control techniques, gain-clamping (GC) (G. Hoven, 2002, K-I. Suzuki, et. al., 
2005), fast automatic gain controlling (fast AGC) (Y. Fukada, et. al., 2008, H. Nagaeda, et. al., 
2008), and fast automatic level controlling (fast ALC) (K-I. Suzuki, et. al., 2009) for optical 
amplifiers.  We also discuss the system design based on the signal to noise ratio (SNR) of the 
long-reach PON systems (K-I. Suzuki, et. al., 2006). On the other hand, 10 Gbit/s class high-
speed PON systems have been receiving great attention, which were standardized in IEEE 
802.3av and FSAN/ITU-T to cover the future demand, created by the rapid growth of 
Internet access and IP video delivery services, for high capacity communication. So, I also 
introduce 10 Gbit/s optical burst signal amplification based on GC optical fiber amplifiers 
(OFA's) (K-I. Suzuki, et. al., 2008) and optical automatic level control (ALC) techniques 
applied to fast AGC-OFA's (K-I. Suzuki, et. al., 2009) to ease the requirements of the 
receiver's dynamic range to confirm their feasibility. 
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Fig. 2. Optical surge generation 

2. Optical surges; Principle of gain-dynamics of optical amplifier 
Figures 3 (a)-(b) show optical surges and Fig. 4 shows the numerical and experimental 
results of normalized optical surge intensity as a function of burst repetition rate (1/T) in the 
case of 1.3 μm fiber optical amplifier using PDFA (Praseodymium-doped fiber amplifier) 
using the experimental setup shown in Fig. 2. Mark and space levels are set to -7 dBm and -
24 dBm, respectively.  Gain characteristics are shown as those of PDFA without gain-
clamping in Fig. 9 (a). We normalize optical surge intensity using the ratio of optical surge 
peak level to restored normal signal level in the case of a space to mark level (S-M) 
transition, see Fig. 3(a). In the case of a mark to space level (M-S) transition, shown in Fig. 
3(b), we use the ratio of optical surge bottom level to restored normal signal level. 
Numerical results were calculated using measured gain relaxation time constants for both 
transitions.  We estimated the gain relaxation time constants as 8.0 μs for S-M transition and 
76 μs for M-S transition. Accordingly, we can calculate the gain dynamics G(t) by using the 
following simple equation. 

 ( ) exp( / )fG t G G t τ= + Δ −  (1) 

where Gf is the initial gain value at the transition, ΔG is the difference between Gf and the 
intrinsic gain value for the input signals after the transition, and τ is the gain relaxation time 
constant.  In this case, it takes several hundred micro seconds to restore gain to its normal  
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Fig. 3. Optical surges at (a) S-M transition and (b) M-S transition. 
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802.3av and FSAN/ITU-T to cover the future demand, created by the rapid growth of 
Internet access and IP video delivery services, for high capacity communication. So, I also 
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24 dBm, respectively.  Gain characteristics are shown as those of PDFA without gain-
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peak level to restored normal signal level in the case of a space to mark level (S-M) 
transition, see Fig. 3(a). In the case of a mark to space level (M-S) transition, shown in Fig. 
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following simple equation. 
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where Gf is the initial gain value at the transition, ΔG is the difference between Gf and the 
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constant.  In this case, it takes several hundred micro seconds to restore gain to its normal  
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Fig. 4. Numerical and experimental results of normalized optical surge intensity as a 
function of burst repetition rate. 

state because of its large gain relaxation time.  Therefore, we adopt numerical values after 
the calculation becomes a steady state in excess of several hundred micro seconds to well 
handle repetition periods much smaller than the gain relaxation time. 

3. Signal to noise ratio of Long-reach PON system based on optical amplifier 
In this section, we confirm the validity of the optical-amplifier for PON systems by 
estimating the limits placed on the upstream transmission distance (ONU to OLT) in Long-
reach PON systems. Figure 5 shows the schematic diagram for the signal to noise ratio 
(SNR) calculation of a Long-reach PON system consisting of an ONU, an OLT, an optical 
amplifier with optical splitter and optical fibres. The signal wavelength is 1.31 μm. We 
assume that the total loss of the 2n way splitter is 3.5n + 0.5 dB (n is the number of stages in 
the multistage splitter) because of its 0.5n dB deviation of the splitting ratio (deviation is 0.5 
dB/stage) and insertion loss in 0.5 dB in addition to its 2n way splitting loss of 3.0n dB.  For 
example, the total loss of a 32 way splitter is estimated to be 18 dB. 
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Fig. 5. Schematic diagram for SNR calculation of Long-reach PON system. 
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No. Quantity Symbol Value Unit 
1 wavelength λ 1.3 μm 
2 Bit rate B 1.25 Gbit/s 
3 quantum efficiency η 0.8  
4 Equivalent noise current Ieq 5.2 pA/ Hz  
5 inverted population parameter nsp 2  
6 Gain G 17 dB 
7 Extinction ratio r 0.1  
8 Fiber loss  0.5 dB/km 
9 2n way optical splitter loss  3.5n + 0.5 dB 

10 Transmitted power 
(Averaged transmitted power) 

Pt 

(Pt_av) 
4 

(1) dBm 

11 Filter bandwidth Bopt 3 nm 

Table 1. Calculation parameters 
Equation (2) was used to calculate SNR of this Long-reach PON system. In a conventional 
Long-reach PON system based on optical amplifiers, signal-spontaneous beat noise is the 
dominant problem with regard to receiver sensitivity.  However, we also need to consider 
the circuit noise of the optical receiver because the amplified spontaneous emission (ASE) is 
reduced due to the fibre loss of the following span in the mid-span repeatered configuration. 
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where r is the extinction ratio between mark and space signals, Ps is the optical power of the 
mark signal (the average power is almost Ps/2), B is the bit-rate of the transmission signals, 
Psp is the frequency density of ASE power of one side of the polarization components, and 
Bopt is the bandwidth of the optical filter used for ASE elimination. G and nsp are the gain 
and the inverted population parameter of the optical amplifier, respectively. A and C show 
the noise elements related to the mark and space signals, respectively. The first term of each 
equation is the shot noise (related to the optical-electrical signal conversion), the second 
term is the frequency density noise power (related to the equivalent noise current of the 
receiver front-end circuit), the third term is the signal-spontaneous beat noise, and the forth 
term is the spontaneous-spontaneous beat noise since we must consider the ASE component 
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Fig. 4. Numerical and experimental results of normalized optical surge intensity as a 
function of burst repetition rate. 

state because of its large gain relaxation time.  Therefore, we adopt numerical values after 
the calculation becomes a steady state in excess of several hundred micro seconds to well 
handle repetition periods much smaller than the gain relaxation time. 
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In this section, we confirm the validity of the optical-amplifier for PON systems by 
estimating the limits placed on the upstream transmission distance (ONU to OLT) in Long-
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(SNR) calculation of a Long-reach PON system consisting of an ONU, an OLT, an optical 
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Table 1. Calculation parameters 
Equation (2) was used to calculate SNR of this Long-reach PON system. In a conventional 
Long-reach PON system based on optical amplifiers, signal-spontaneous beat noise is the 
dominant problem with regard to receiver sensitivity.  However, we also need to consider 
the circuit noise of the optical receiver because the amplified spontaneous emission (ASE) is 
reduced due to the fibre loss of the following span in the mid-span repeatered configuration. 
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where r is the extinction ratio between mark and space signals, Ps is the optical power of the 
mark signal (the average power is almost Ps/2), B is the bit-rate of the transmission signals, 
Psp is the frequency density of ASE power of one side of the polarization components, and 
Bopt is the bandwidth of the optical filter used for ASE elimination. G and nsp are the gain 
and the inverted population parameter of the optical amplifier, respectively. A and C show 
the noise elements related to the mark and space signals, respectively. The first term of each 
equation is the shot noise (related to the optical-electrical signal conversion), the second 
term is the frequency density noise power (related to the equivalent noise current of the 
receiver front-end circuit), the third term is the signal-spontaneous beat noise, and the forth 
term is the spontaneous-spontaneous beat noise since we must consider the ASE component 
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with orthogonal polarization to the optical signals as well as that with the same polarization 
as the optical signals. 
Equation (3) shows the relationship between bit error rate (BER) and Q factor and SNR (N. 
A. Olsson, 1989, N. S. Bergano, et. al., 1993, T. Takahashi, et. al., 1995). 
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where Q is given by: 

 
4

SNRQ =  (4) 

Therefore, we can obtain the BER using Eqs (2), (3) and (4). 
Figures 6(a) and (b) show the SNR values calculated using Eq. (2) as a function of the 
transmission distance between an OLT and a PDFA with the parameter of ONU-PDFA 
distance for two filter bandwidths (1 nm and 20 nm). Table 1 shows the calculation 
parameters.  The SNR with 20 nm bandwidth filter is degraded compared as that with the 1 
nm filter because of its large spontaneous-spontaneous beat noise.  However, we confirmed 
that over 40 km transmission can be achieved with the relatively wide band-pass filter in 32 
way splitting PON systems at the bit-rate of 1.25 Gbit/s. 
Figure 7 shows SNR as a function of the splitting number; the parameter is the ONU-PDFA 
distance and the OLT-PDFA distance is fixed at 0 km (i.e., the PDFA is employed as a pre 
amplifier and the OLT-ONU distance is varied.).  As shown in Fig. 7, we find that splitting 
numbers above 470 are possible at the ONU-PDFA distance of 10 km.  Moreover, the 
splitting number can exceed 630 at the ONU-PDFA distance of 7km.  

4. Burst-mode optical amplifier using gain-clamping 
4.1 Gain-clamped Praseodymium-doped fiber amplifier for burst-mode amplification 
There are two major gain control methods for optical amplifiers.  One is automatic gain 
control (AGC), which uses feedback/forward gain controls to realize constant gain  
operation.  The other is gain-clamping, which offers constant gain operation using relatively 
high power control lights compared to optical signals. AGC is being used in the optical 
repeaters in many long haul transmission systems.  However, AGC response time depends 
on the gain dynamics of the optical amplifiers as well as the speed of the control circuits, so 
it is impractical to use AGC without any technology progress to handle burst signals. Since 
gain-clamping is independent of gain dynamics and the control circuit speed (H. Masuda, 
et. al., 1997; L. L. Yi, et. al., 2003; Yung-Hsin Lu, et. al., 2003; D. A. Francis, et. al., 2001; G. 
Hoven, 2002), we adopted to realize burst mode amplification in our initial investigation. 
In this section, I explain the gain dynamics of PDFAs for designing a burst mode optical 
amplifier and confirm the gain-clamp effect for burst mode amplification.  Figure 8 shows the 
configuration of a gain-clamped PDFA that supports burst mode amplification.  The gain-
clamped PDFA consists of two PDFA gain stages pumped by 0.98 μm laser diodes (LD’s). The 
first gain stage uses forward pumping and backward gain-clamping.  The second stage uses 
backward pumping and backward gain-clamping.  Forward and backward pumping  
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Fig. 6. SNRs as a function of transmission distance between OLT and PDFA with the 
parameter of ONU-PDFA distance with parameter of ONU-PDFA distance (a) Bopt is 1 nm, 
(b) Bopt is 20 nm. 
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Fig. 7.  SNRs as a function of splitting number with the parameter of ONU-PDFA distance 
and the fixed OLT-PDFA distance of 0 km. and Bopt of 20 nm. 
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with orthogonal polarization to the optical signals as well as that with the same polarization 
as the optical signals. 
Equation (3) shows the relationship between bit error rate (BER) and Q factor and SNR (N. 
A. Olsson, 1989, N. S. Bergano, et. al., 1993, T. Takahashi, et. al., 1995). 

 

2

exp
21BER

Q

Qπ

⎛ ⎞
−⎜ ⎟
⎝ ⎠=  (3) 

where Q is given by: 

 
4

SNRQ =  (4) 

Therefore, we can obtain the BER using Eqs (2), (3) and (4). 
Figures 6(a) and (b) show the SNR values calculated using Eq. (2) as a function of the 
transmission distance between an OLT and a PDFA with the parameter of ONU-PDFA 
distance for two filter bandwidths (1 nm and 20 nm). Table 1 shows the calculation 
parameters.  The SNR with 20 nm bandwidth filter is degraded compared as that with the 1 
nm filter because of its large spontaneous-spontaneous beat noise.  However, we confirmed 
that over 40 km transmission can be achieved with the relatively wide band-pass filter in 32 
way splitting PON systems at the bit-rate of 1.25 Gbit/s. 
Figure 7 shows SNR as a function of the splitting number; the parameter is the ONU-PDFA 
distance and the OLT-PDFA distance is fixed at 0 km (i.e., the PDFA is employed as a pre 
amplifier and the OLT-ONU distance is varied.).  As shown in Fig. 7, we find that splitting 
numbers above 470 are possible at the ONU-PDFA distance of 10 km.  Moreover, the 
splitting number can exceed 630 at the ONU-PDFA distance of 7km.  

4. Burst-mode optical amplifier using gain-clamping 
4.1 Gain-clamped Praseodymium-doped fiber amplifier for burst-mode amplification 
There are two major gain control methods for optical amplifiers.  One is automatic gain 
control (AGC), which uses feedback/forward gain controls to realize constant gain  
operation.  The other is gain-clamping, which offers constant gain operation using relatively 
high power control lights compared to optical signals. AGC is being used in the optical 
repeaters in many long haul transmission systems.  However, AGC response time depends 
on the gain dynamics of the optical amplifiers as well as the speed of the control circuits, so 
it is impractical to use AGC without any technology progress to handle burst signals. Since 
gain-clamping is independent of gain dynamics and the control circuit speed (H. Masuda, 
et. al., 1997; L. L. Yi, et. al., 2003; Yung-Hsin Lu, et. al., 2003; D. A. Francis, et. al., 2001; G. 
Hoven, 2002), we adopted to realize burst mode amplification in our initial investigation. 
In this section, I explain the gain dynamics of PDFAs for designing a burst mode optical 
amplifier and confirm the gain-clamp effect for burst mode amplification.  Figure 8 shows the 
configuration of a gain-clamped PDFA that supports burst mode amplification.  The gain-
clamped PDFA consists of two PDFA gain stages pumped by 0.98 μm laser diodes (LD’s). The 
first gain stage uses forward pumping and backward gain-clamping.  The second stage uses 
backward pumping and backward gain-clamping.  Forward and backward pumping  
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Fig. 10. Variation of optical gain as a function of optical input power; the parameter is the 
power of the gain-clamp light. 
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Fig. 11. (a) Numerical and measured results of normalized optical surge intensity as a 
function of burst repeatition frequency.  Examples of optical signal traces at repetition rate 
of 1 kHz (b) without GC and (c) with GC. 
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Fig. 11. (a) Numerical and measured results of normalized optical surge intensity as a 
function of burst repeatition frequency.  Examples of optical signal traces at repetition rate 
of 1 kHz (b) without GC and (c) with GC. 
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are often used to realize low noise figure operation and to control the output power, 
respectively.  In this case, we fix both pump powers and use the gain-clamping system for 
gain control.  Backward gain-clamping is chosen because it simplifies the separation of the 
gain-clamp light from the optical signals. 
Figure 9 (a)-(b) show the optical gain and the noise figure (NF) as a function of optical input 
power; the parameter is the power of the gain-clamp light.  Figure 10 shows the variation of 
optical gain as a function of optical input power; the parameter is the power of the gain-
clamp light.  Although gain-clamping causes gain suppression as shown in Fig. 9, we find 
that gain-clamping drastically improves PDFA linearity as shown in Fig. 10.  In particular, a 
1.2 dB gain variation and 14.4 dB gain are achieved when the gain-clamp power is 5 dBm 
and the input power range is below -7 dBm.  Moreover, we can improve the gain variation 
and the gain to 0.6 dB and 15 dB, respectively, at input powers below -10 dBm. 
Figures 11 (a)-(c) show the numerical and measured results of normalized optical surge 
intensity as a function of burst repetition frequency and typical optical signal traces at the 
repetition rate of 1 kHz with/without GC.  Although residual optical surges are observed 
because of 1-dB gain compression power of -7 dBm, gain-clamping does improve the gain 
dynamic properties and can suppress optical surges as shown in Figs. 11 (a)-(c).  Note that 
gain-clamping does not work well if the input power to the gain-clamped PDFA exceeds -7 
dBm.  For example, the splitting number must be above 4 when the ONU-PDFA distance 
is 7 km. 

5. 10 Gbit/s burst-signal amplification using gain-clamped optical amplifier 
5.1 Experimental setup of 10 Gbit/s burst-signal amplification 
In this section, I focuses on gain-clamp based burst-mode optical amplifiers (burst-AMP’s) for 
10 Gbit/s PON application to realize both long-reach and higher-speed PON systems.  I then 
introduce the demonstration of 10 Gbit/s optical burst signal amplification to confirm their 
feasibility. Figure 12 shows the experimental setup for 10 Gbit/s optical burst-signal 
amplification; it consists of the burst-AMP under test, a burst-mode optical receiver (burst-Rx), 
a burst-mode optical transmitter 1 (burst-Tx1), and a burst-mode optical transmitter 2 (burst-
Tx2). As the burst-AMP, we used our 0.98 μm pumped gain-clamped praseodymium-doped 
fiber amplifier (GC-PDFA) (K-I. Suzuki, et. al., 2007).  This burst-AMP offers 17 dB gain and 
good gain linearity (the 1dB-gain compression power is -10 dBm). After the 3 nm optical band-
pass filter (OBPF), optical gain is reduced to 16.2 dB by the 0.8 dB excess loss of the OBPF.  
We used high-power with distributed feedback laser diodes (DFB-LD’s) as burst-Tx’s; they 
were directly modulated by 10.3125 Gbit/s signals with the pseudo random bit sequence 
(PRBS) 27-1 and 223-1, to generate burst signal sequences. The transmission timing of each 
burst-Tx was controlled by the enable signals from the timing pulse generator that was 
synchronized to the pulse pattern generator and the bit-error rate tester.  The 99.3 nm guard 
time was used to separate burst signal sequences and the 74.5 ns preamble (continuous 
“101010” signal) was used to set the threshold level of received electrical signals.  Basically, 
the measured burst signal sequence was modulated with PRBS 223-1 and the other burst 
signal sequence was modulated with PRBS 27-1 to distinguish them at the bit-error rate 
tester.  So when we measured each burst signal sequence from the burst-Tx’s, we replaced 
the PRBS patterns as required. The central wavelength, the averaged output power, and the 
extinction ratio of the burst Tx1 were 1303.0 nm, 5.6 dBm, and 9.6 dB, respectively. Those of 
the burst Tx2 were 1301.5 nm, 5.5 dBm, and 9.7 dB, respectively.  Burst signal sequences   
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Fig. 12. Experimental setup for 10 Gbit/s burst signal amplification 
with different intensities are generated by the variable attenuators (V-ATT) at the output of 
each burst-Tx.  We set the link loss between the burst-AMP and burst-Tx1 and the burst Tx2 
to 25.6 dB and 15.5 dB, so optical powers input to the burst-AMP were fixed at -20 dBm and 
-10 dBm, respectively. We varied the optical powers input to the burst-Rx to measure the 
allowable loss budget for 10 Gbit/s amplified PON systems. 
The burst-Rx consisted of a burst-mode limiting amplifier (burst-LIM) and a burst-mode 
trans-impedance amplifier (burst-TIA) (S. Nishihara, et. al., 2007) followed by an avalanche 
photodiode APD (T. Nakanishi, et. al., 2007).  Its sensitivity (BER=10-12) and overload were 
estimated to be -22.2 dBm and -7.0 dBm, respectively, at the multiplication factor, M, of 
around 5. 

5.2 Experimental results of 10 Gbit/s burst-signal amplification 
Figure 13 shows the bit error rate (BER) as a function of averaged receive power to the burst-
Rx.  After the burst-AMP, we observed the power penalties, with and without the OBPF, of 
1.2 dB and 2.2 dB, respectively, at BER=10-12. On the other hand, at BER=10-4, the power 
penalties are reduced to within 1.0 dB.  By the way, as IEEE P802.3av requires a 29 dB loss 
budget considering the use of forward error correction (FEC), we should also consider the 
FEC effect.  Assuming the use of the FEC based on RS(255,239), which can improve the BER 
from 10-4 to 10-12, we expect that FEC can improve the receiver sensitivity to -28.0 dBm Note 
that IEEE 802.3av adopted the RS(255, 223) based FEC, which can improve the BER from 10-3 
to 10-12, after this experiment.. 
Figures 14 (a) and (b) show the signal traces for the burst-AMP output and the burst-TIA 
output. As optical inputs to the burst-AMP were -20 dBm and -10 dBm, we obtained the 
optical output of -3.8 dBm and +5.2 dBm. After optical burst signal amplification, we did not 
observe any significant waveform degradation such as optical surges, see Fig.6-3 (a). On the 
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are often used to realize low noise figure operation and to control the output power, 
respectively.  In this case, we fix both pump powers and use the gain-clamping system for 
gain control.  Backward gain-clamping is chosen because it simplifies the separation of the 
gain-clamp light from the optical signals. 
Figure 9 (a)-(b) show the optical gain and the noise figure (NF) as a function of optical input 
power; the parameter is the power of the gain-clamp light.  Figure 10 shows the variation of 
optical gain as a function of optical input power; the parameter is the power of the gain-
clamp light.  Although gain-clamping causes gain suppression as shown in Fig. 9, we find 
that gain-clamping drastically improves PDFA linearity as shown in Fig. 10.  In particular, a 
1.2 dB gain variation and 14.4 dB gain are achieved when the gain-clamp power is 5 dBm 
and the input power range is below -7 dBm.  Moreover, we can improve the gain variation 
and the gain to 0.6 dB and 15 dB, respectively, at input powers below -10 dBm. 
Figures 11 (a)-(c) show the numerical and measured results of normalized optical surge 
intensity as a function of burst repetition frequency and typical optical signal traces at the 
repetition rate of 1 kHz with/without GC.  Although residual optical surges are observed 
because of 1-dB gain compression power of -7 dBm, gain-clamping does improve the gain 
dynamic properties and can suppress optical surges as shown in Figs. 11 (a)-(c).  Note that 
gain-clamping does not work well if the input power to the gain-clamped PDFA exceeds -7 
dBm.  For example, the splitting number must be above 4 when the ONU-PDFA distance 
is 7 km. 

5. 10 Gbit/s burst-signal amplification using gain-clamped optical amplifier 
5.1 Experimental setup of 10 Gbit/s burst-signal amplification 
In this section, I focuses on gain-clamp based burst-mode optical amplifiers (burst-AMP’s) for 
10 Gbit/s PON application to realize both long-reach and higher-speed PON systems.  I then 
introduce the demonstration of 10 Gbit/s optical burst signal amplification to confirm their 
feasibility. Figure 12 shows the experimental setup for 10 Gbit/s optical burst-signal 
amplification; it consists of the burst-AMP under test, a burst-mode optical receiver (burst-Rx), 
a burst-mode optical transmitter 1 (burst-Tx1), and a burst-mode optical transmitter 2 (burst-
Tx2). As the burst-AMP, we used our 0.98 μm pumped gain-clamped praseodymium-doped 
fiber amplifier (GC-PDFA) (K-I. Suzuki, et. al., 2007).  This burst-AMP offers 17 dB gain and 
good gain linearity (the 1dB-gain compression power is -10 dBm). After the 3 nm optical band-
pass filter (OBPF), optical gain is reduced to 16.2 dB by the 0.8 dB excess loss of the OBPF.  
We used high-power with distributed feedback laser diodes (DFB-LD’s) as burst-Tx’s; they 
were directly modulated by 10.3125 Gbit/s signals with the pseudo random bit sequence 
(PRBS) 27-1 and 223-1, to generate burst signal sequences. The transmission timing of each 
burst-Tx was controlled by the enable signals from the timing pulse generator that was 
synchronized to the pulse pattern generator and the bit-error rate tester.  The 99.3 nm guard 
time was used to separate burst signal sequences and the 74.5 ns preamble (continuous 
“101010” signal) was used to set the threshold level of received electrical signals.  Basically, 
the measured burst signal sequence was modulated with PRBS 223-1 and the other burst 
signal sequence was modulated with PRBS 27-1 to distinguish them at the bit-error rate 
tester.  So when we measured each burst signal sequence from the burst-Tx’s, we replaced 
the PRBS patterns as required. The central wavelength, the averaged output power, and the 
extinction ratio of the burst Tx1 were 1303.0 nm, 5.6 dBm, and 9.6 dB, respectively. Those of 
the burst Tx2 were 1301.5 nm, 5.5 dBm, and 9.7 dB, respectively.  Burst signal sequences   
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Fig. 12. Experimental setup for 10 Gbit/s burst signal amplification 
with different intensities are generated by the variable attenuators (V-ATT) at the output of 
each burst-Tx.  We set the link loss between the burst-AMP and burst-Tx1 and the burst Tx2 
to 25.6 dB and 15.5 dB, so optical powers input to the burst-AMP were fixed at -20 dBm and 
-10 dBm, respectively. We varied the optical powers input to the burst-Rx to measure the 
allowable loss budget for 10 Gbit/s amplified PON systems. 
The burst-Rx consisted of a burst-mode limiting amplifier (burst-LIM) and a burst-mode 
trans-impedance amplifier (burst-TIA) (S. Nishihara, et. al., 2007) followed by an avalanche 
photodiode APD (T. Nakanishi, et. al., 2007).  Its sensitivity (BER=10-12) and overload were 
estimated to be -22.2 dBm and -7.0 dBm, respectively, at the multiplication factor, M, of 
around 5. 

5.2 Experimental results of 10 Gbit/s burst-signal amplification 
Figure 13 shows the bit error rate (BER) as a function of averaged receive power to the burst-
Rx.  After the burst-AMP, we observed the power penalties, with and without the OBPF, of 
1.2 dB and 2.2 dB, respectively, at BER=10-12. On the other hand, at BER=10-4, the power 
penalties are reduced to within 1.0 dB.  By the way, as IEEE P802.3av requires a 29 dB loss 
budget considering the use of forward error correction (FEC), we should also consider the 
FEC effect.  Assuming the use of the FEC based on RS(255,239), which can improve the BER 
from 10-4 to 10-12, we expect that FEC can improve the receiver sensitivity to -28.0 dBm Note 
that IEEE 802.3av adopted the RS(255, 223) based FEC, which can improve the BER from 10-3 
to 10-12, after this experiment.. 
Figures 14 (a) and (b) show the signal traces for the burst-AMP output and the burst-TIA 
output. As optical inputs to the burst-AMP were -20 dBm and -10 dBm, we obtained the 
optical output of -3.8 dBm and +5.2 dBm. After optical burst signal amplification, we did not 
observe any significant waveform degradation such as optical surges, see Fig.6-3 (a). On the 
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Fig. 13. BER as a function of averaged receive power to burst-Rx 
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Fig. 14. Signal traces for (a) burst-AMP output and (b) burst-TIA output 

other hand, received electrical signals were successfully regenerated within burst overhead 
time shown in Fig.14 (b). 
Figure 15 shows the BER as a function of total loss. Not using the burst-AMP yields the 
estimated loss budget of 27.8 dB, which corresponds to 34.1 dB if FEC is used. On the other 
hand, when we use the burst-AMP, loss budget is improved to 42.6 dB, which corresponds 
to 50.4 dB when FEC is applied. Moreover, when we use the bust-AMP followed by the 3 
nm OBPF, the loss budget is improved to 42.8 dB, which corresponds to 50.4 dB after FEC 
decoding. No significant difference is observed between cases of optical amplifier 
with/without the 3 nm OBPF, because the OBPF improves the receiver sensitivity but 
reduces the optical gain. 

Therefore, we successfully achieved 15.0-dB improvement in the loss budget and a loss 
budget of 42.8 dB by using the burst-AMP. The use of FEC is expected to yield improvement 
values of 16.3 dB and 50.4 dB, respectively. 
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Fig. 15. Bit error rate as a function of total loss.  Insets are eye patterns for optical signals (a) 
with burst AMP, (b) with burst-AMP without OBPF, and (c) with burst-AMP and OBPF 

6. 10 Gbit/s burst-signal amplification using automatic level controlled burst-
mode optical fiber amplifier 
6.1 Automatic level controlled burst-mode optical fiber amplifier 
To offer PON-based optical access services more effectively, we have investigated optically-
amplified PON systems based on a couple of linear-gain control techniques, gain-clamping 
(GC) (K-I. Suzuki, et. al., 2007) and fast automatic gain controlling (fast AGC) for optical 
amplifiers (Y. Fukada, et. al., 2008, H. Nagaeda, et. al., 2008). In Section 5, we have 
introduced 10 Gbit/s optical burst signal amplification based on GC optical fiber amplifiers 
(OFA's) and confirmed their bit-rate independency. By the way, fast AGC techniques allow 
the linear gain region of OFA's to be expanded without gain suppression, GC techniques, on 
the other hand, are usually accompanied by considerable gain suppression. Accordingly, we 
expect AGC techniques will realize both higher linear gain and wider linear gain region 
(wider dynamic range). However, wide linear gain regions require that the burst-mode 
optical receivers (burst-Rx's) have wide dynamic range in order to take advantage of the fast 
AGC techniques. 
In this section, I explain the optical automatic level control (ALC) techniques applied to fast 
AGC-OFA's to ease the requirements of the receiver's dynamic range. I then introduce the 
demonstration of 10 Gbit/s burst-RX based on the optical ALC techniques to confirm their 
feasibility. 
Figure 16 shows the configuration of an ALC burst-mode OFA (burst-OFA); it consists of an 
AGC praseodymium-doped fiber amplifier (PDFA) block and an ALC circuit block. The 
AGC-PDFA employs a feed-forward (FF) controlled pump-LD for quick gain adjustment of 
the PDFA and offers constant gain of around 20 dB with optical input powers from -30 dBm 
to -10 dBm or above.  The FF-controlled pump-LD quickly adjusts pump power according to 
the monitored signal power. The ALC circuit employs a FF-controlled variable optical 
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other hand, received electrical signals were successfully regenerated within burst overhead 
time shown in Fig.14 (b). 
Figure 15 shows the BER as a function of total loss. Not using the burst-AMP yields the 
estimated loss budget of 27.8 dB, which corresponds to 34.1 dB if FEC is used. On the other 
hand, when we use the burst-AMP, loss budget is improved to 42.6 dB, which corresponds 
to 50.4 dB when FEC is applied. Moreover, when we use the bust-AMP followed by the 3 
nm OBPF, the loss budget is improved to 42.8 dB, which corresponds to 50.4 dB after FEC 
decoding. No significant difference is observed between cases of optical amplifier 
with/without the 3 nm OBPF, because the OBPF improves the receiver sensitivity but 
reduces the optical gain. 

Therefore, we successfully achieved 15.0-dB improvement in the loss budget and a loss 
budget of 42.8 dB by using the burst-AMP. The use of FEC is expected to yield improvement 
values of 16.3 dB and 50.4 dB, respectively. 
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6. 10 Gbit/s burst-signal amplification using automatic level controlled burst-
mode optical fiber amplifier 
6.1 Automatic level controlled burst-mode optical fiber amplifier 
To offer PON-based optical access services more effectively, we have investigated optically-
amplified PON systems based on a couple of linear-gain control techniques, gain-clamping 
(GC) (K-I. Suzuki, et. al., 2007) and fast automatic gain controlling (fast AGC) for optical 
amplifiers (Y. Fukada, et. al., 2008, H. Nagaeda, et. al., 2008). In Section 5, we have 
introduced 10 Gbit/s optical burst signal amplification based on GC optical fiber amplifiers 
(OFA's) and confirmed their bit-rate independency. By the way, fast AGC techniques allow 
the linear gain region of OFA's to be expanded without gain suppression, GC techniques, on 
the other hand, are usually accompanied by considerable gain suppression. Accordingly, we 
expect AGC techniques will realize both higher linear gain and wider linear gain region 
(wider dynamic range). However, wide linear gain regions require that the burst-mode 
optical receivers (burst-Rx's) have wide dynamic range in order to take advantage of the fast 
AGC techniques. 
In this section, I explain the optical automatic level control (ALC) techniques applied to fast 
AGC-OFA's to ease the requirements of the receiver's dynamic range. I then introduce the 
demonstration of 10 Gbit/s burst-RX based on the optical ALC techniques to confirm their 
feasibility. 
Figure 16 shows the configuration of an ALC burst-mode OFA (burst-OFA); it consists of an 
AGC praseodymium-doped fiber amplifier (PDFA) block and an ALC circuit block. The 
AGC-PDFA employs a feed-forward (FF) controlled pump-LD for quick gain adjustment of 
the PDFA and offers constant gain of around 20 dB with optical input powers from -30 dBm 
to -10 dBm or above.  The FF-controlled pump-LD quickly adjusts pump power according to 
the monitored signal power. The ALC circuit employs a FF-controlled variable optical 
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attenuator (VOA) for quick adjustment of output optical level and the suppression of 
waveform distortion caused by the gain dynamics of the AGC-PDF.  Using these techniques, 
the ALC burst-OFA realizes quick ALC response, of the order of sub-micro-seconds, and 
offers the constant output optical level of around -17 dBm with optical input powers from -
30 dBm to -10 dBm or above. 
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Fig. 16. Configuration of automatic level controlled burst-mode optical fiber amplifier 

6.2 Experimental setup for bit-error rate measurement of 10 Gbit/s optically level 
controlled burst-signals 
Figure 17 shows the experimental setup used to measure the bit-error rate (BER) of 10 
Gbit/s optically level controlled burst-signals; the setup consists of a burst-Rx, a burst-mode 
optical transmitter 1 (burst-Tx1), and a burst-mode optical transmitter 2 (burst-Tx2). The 
burst-RX consists of the ALC-burst-OFA under test, a DC-coupled APD trans-impedance 
amplifier (APD-TIA), and a continuous-mode limiter amplifier (continuous LIM).  We use a 
3 nm band-pass filter (OBPF) for elimination of ASE noise from the ALC-burst-OFA. This 
reduces the optical output power of the ALC-burst-OFA to -18 dBm given the 1.0 dB excess 
loss of the OBPF. 
We used DFB-LD's with quick response burst-mode LD drivers (H. Nakamura, et. al., 2008) 
as burst-TX's; they were directly modulated by 10.3125 Gbit/s signals with PRBS 27-1, to 
generate burst signal sequences.  The transmission timing of each burst-Tx was controlled 
by the enable signals from the timing pulse generator that was synchronized tot the pulse 
pattern generator and the BER tester.  The 198.5 ns guard time was used to separate burst 
signal sequences and a part of the 496.4 ns preamble (continuous "101010" signal) was used 
to set the optical output level of the ALC-burst-OFA (Normally, it is used to set the 
threshold level of the burst-mode LIM). The central wavelength, the averaged output 
power, and the extinction ratio of the burst Tx1 were 1307.5 nm, 3.6 dBm, and 6.1 dB, 
respectively. Those of the burst Tx2 were 1306.9 nm, 4.2 dBm, and 6.2 dB, respectively.  
Burst signal sequences with different intensities were generated by the VOA's at the output 
of each burst-Tx.  We varied the optical powers input to the burst-Rx and measured the BER 
to confirm the allowable dynamic range of our proposed ALC-burst-OFA. 
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Fig. 17. Experimental setup for BER measurement of 10 Gbit/s burst signal 

6.3 Experimental results of 10 Gbit/s burst-signal amplification 
Figure 18 shows the signal traces for the ALC-burst-OFA inputs and outputs.  We set the input 
power difference between burst-Tx's to 10.1 dB (Input powers from burst-Tx's were -20.3 dBm 
and -10.2 dBm), 19.7 dB (-29.9 dBm and -10.2 dBm), and 23.8 dB (-5.1 dBm and -28.9 dBm).  As 
shown in Fig.18, the ALC-burst-OFA successfully achieved constant output level operation 
within the burst-overhead time; a small level difference was observed in Fig. 18(f). 
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Fig. 18. Signal traces for ALC-burst-OFA inputs and outputs. (a)Input and (b) output signal 
traces at -20.3 dBm from burst-Tx1 and -10.2dBm from burst-Tx2.  (c) Input and (d) output 
signal traces at -29.9 dBm and -10.2dBm.  (e) Input and (f) output signal traces at -5.1 dBm 
and -28.9dBm. 
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attenuator (VOA) for quick adjustment of output optical level and the suppression of 
waveform distortion caused by the gain dynamics of the AGC-PDF.  Using these techniques, 
the ALC burst-OFA realizes quick ALC response, of the order of sub-micro-seconds, and 
offers the constant output optical level of around -17 dBm with optical input powers from -
30 dBm to -10 dBm or above. 
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6.2 Experimental setup for bit-error rate measurement of 10 Gbit/s optically level 
controlled burst-signals 
Figure 17 shows the experimental setup used to measure the bit-error rate (BER) of 10 
Gbit/s optically level controlled burst-signals; the setup consists of a burst-Rx, a burst-mode 
optical transmitter 1 (burst-Tx1), and a burst-mode optical transmitter 2 (burst-Tx2). The 
burst-RX consists of the ALC-burst-OFA under test, a DC-coupled APD trans-impedance 
amplifier (APD-TIA), and a continuous-mode limiter amplifier (continuous LIM).  We use a 
3 nm band-pass filter (OBPF) for elimination of ASE noise from the ALC-burst-OFA. This 
reduces the optical output power of the ALC-burst-OFA to -18 dBm given the 1.0 dB excess 
loss of the OBPF. 
We used DFB-LD's with quick response burst-mode LD drivers (H. Nakamura, et. al., 2008) 
as burst-TX's; they were directly modulated by 10.3125 Gbit/s signals with PRBS 27-1, to 
generate burst signal sequences.  The transmission timing of each burst-Tx was controlled 
by the enable signals from the timing pulse generator that was synchronized tot the pulse 
pattern generator and the BER tester.  The 198.5 ns guard time was used to separate burst 
signal sequences and a part of the 496.4 ns preamble (continuous "101010" signal) was used 
to set the optical output level of the ALC-burst-OFA (Normally, it is used to set the 
threshold level of the burst-mode LIM). The central wavelength, the averaged output 
power, and the extinction ratio of the burst Tx1 were 1307.5 nm, 3.6 dBm, and 6.1 dB, 
respectively. Those of the burst Tx2 were 1306.9 nm, 4.2 dBm, and 6.2 dB, respectively.  
Burst signal sequences with different intensities were generated by the VOA's at the output 
of each burst-Tx.  We varied the optical powers input to the burst-Rx and measured the BER 
to confirm the allowable dynamic range of our proposed ALC-burst-OFA. 
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Fig. 17. Experimental setup for BER measurement of 10 Gbit/s burst signal 

6.3 Experimental results of 10 Gbit/s burst-signal amplification 
Figure 18 shows the signal traces for the ALC-burst-OFA inputs and outputs.  We set the input 
power difference between burst-Tx's to 10.1 dB (Input powers from burst-Tx's were -20.3 dBm 
and -10.2 dBm), 19.7 dB (-29.9 dBm and -10.2 dBm), and 23.8 dB (-5.1 dBm and -28.9 dBm).  As 
shown in Fig.18, the ALC-burst-OFA successfully achieved constant output level operation 
within the burst-overhead time; a small level difference was observed in Fig. 18(f). 
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Fig. 18. Signal traces for ALC-burst-OFA inputs and outputs. (a)Input and (b) output signal 
traces at -20.3 dBm from burst-Tx1 and -10.2dBm from burst-Tx2.  (c) Input and (d) output 
signal traces at -29.9 dBm and -10.2dBm.  (e) Input and (f) output signal traces at -5.1 dBm 
and -28.9dBm. 
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Fig. 19. Bit error rate as a function of averaged received power from Burst-TX1.  Insets are 
eye patterns for optical signals. 
Figure 19 shows the BER as a function of averaged received power to the burst-Rx at fixed 
received power from the burst-Tx2 (-28.3 dBm and -10.2 dBm).  We also show the BER curve 
of the continuous-mode Rx for comparison; it consisted of a burst-mode (DC-coupled) APD-
TIA and a continuous-mode LIM followed by continuous-mode PDFA. The receiver 
sensitivity was -22.5 dBm at BER=10-10; the power penalty relative to the continuous-mode 
device was 2.6 dB.  However, our ALC-burst-OFA successfully achieved a dynamic range of 
over 16.6 dB at BER=10-10, thus confirming its feasibility in easing the receiver dynamic 
range requirement. By the way, as IEEE 802.3av requires a 29 dB loss budget considering the 
use of forward error correction (FEC), we should also consider the FEC effect.  Assuming the 
use of FEC based on RS(255,223), which can improve the BER from 10-3 to 10-12, we expect 
that FEC will improve the receiver sensitivity and the dynamic range to -29.7 dBm and 23.8 
dB, respectively. 

7. Conclusion 
I introduced burst-mode optical amplifiers for PON systems based on a couple of linear-
gain control techniques, gain-clamping (GC), fast automatic gain controlling (fast AGC), and 
fast automatic level controlling (fast ALC) for optical amplifiers. I also investigated the gain 
dynamics of a gain-clamped PDFA for achieving burst mode amplification and confirmed 
the ability of gain-clamping to suppress optical surges. I also investigated the validity of a 
gain-clamped PDFA for burst mode amplification by estimating the transmission distance 
and the allowable splitting number of Long-reach PON systems. 
Moreover, I also introduced the demonstration of 10 Gbit/s optical burst signal 
amplification based on GC based optical fiber amplifiers (OFA's) and optical automatic level 
control (ALC) techniques applied to fast to ease the requirements of the receiver's dynamic 
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range to confirm their feasibility. Using GC based OFA's, we successfully achieved a 15.0 dB 
improvement in the loss budget, which stands at over 42.8 dB loss budget, by using the 
burst-mode optical amplifier based on gain-clamping. Moreover, the application of FEC can 
improve those results to 16.3 dB and 50.4 dB, respectively.  No significant difference was 
observed between the cases of the GC based OFA with/without the optical band-pass filter.  
These results confirm the validity of the GC based OFA for 10 Gbit/s PON systems. 
Using ALC based OFA's, we successfully received burst signals with 198.5 ns guard time 
and 496.4 ns preamble, and achieved a dynamic range of over 16.6 dB and receiver 
sensitivity of -22.5 dBm at BER=10-10 by combining our ALC based OFA, a DC-coupled APD 
trans-impedance amplifier, and a continuous-mode limiter amplifier; the results confirm the 
feasibility of our ALC based OFA in 10 Gbit/s PON systems. 
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Fig. 19. Bit error rate as a function of averaged received power from Burst-TX1.  Insets are 
eye patterns for optical signals. 
Figure 19 shows the BER as a function of averaged received power to the burst-Rx at fixed 
received power from the burst-Tx2 (-28.3 dBm and -10.2 dBm).  We also show the BER curve 
of the continuous-mode Rx for comparison; it consisted of a burst-mode (DC-coupled) APD-
TIA and a continuous-mode LIM followed by continuous-mode PDFA. The receiver 
sensitivity was -22.5 dBm at BER=10-10; the power penalty relative to the continuous-mode 
device was 2.6 dB.  However, our ALC-burst-OFA successfully achieved a dynamic range of 
over 16.6 dB at BER=10-10, thus confirming its feasibility in easing the receiver dynamic 
range requirement. By the way, as IEEE 802.3av requires a 29 dB loss budget considering the 
use of forward error correction (FEC), we should also consider the FEC effect.  Assuming the 
use of FEC based on RS(255,223), which can improve the BER from 10-3 to 10-12, we expect 
that FEC will improve the receiver sensitivity and the dynamic range to -29.7 dBm and 23.8 
dB, respectively. 

7. Conclusion 
I introduced burst-mode optical amplifiers for PON systems based on a couple of linear-
gain control techniques, gain-clamping (GC), fast automatic gain controlling (fast AGC), and 
fast automatic level controlling (fast ALC) for optical amplifiers. I also investigated the gain 
dynamics of a gain-clamped PDFA for achieving burst mode amplification and confirmed 
the ability of gain-clamping to suppress optical surges. I also investigated the validity of a 
gain-clamped PDFA for burst mode amplification by estimating the transmission distance 
and the allowable splitting number of Long-reach PON systems. 
Moreover, I also introduced the demonstration of 10 Gbit/s optical burst signal 
amplification based on GC based optical fiber amplifiers (OFA's) and optical automatic level 
control (ALC) techniques applied to fast to ease the requirements of the receiver's dynamic 
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range to confirm their feasibility. Using GC based OFA's, we successfully achieved a 15.0 dB 
improvement in the loss budget, which stands at over 42.8 dB loss budget, by using the 
burst-mode optical amplifier based on gain-clamping. Moreover, the application of FEC can 
improve those results to 16.3 dB and 50.4 dB, respectively.  No significant difference was 
observed between the cases of the GC based OFA with/without the optical band-pass filter.  
These results confirm the validity of the GC based OFA for 10 Gbit/s PON systems. 
Using ALC based OFA's, we successfully received burst signals with 198.5 ns guard time 
and 496.4 ns preamble, and achieved a dynamic range of over 16.6 dB and receiver 
sensitivity of -22.5 dBm at BER=10-10 by combining our ALC based OFA, a DC-coupled APD 
trans-impedance amplifier, and a continuous-mode limiter amplifier; the results confirm the 
feasibility of our ALC based OFA in 10 Gbit/s PON systems. 
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1. Introduction      
Ultrafast optical science is a rapidly evolving multidisciplinary field: the ability to excite 
matter with femtosecond light pulses and probe its subsequent evolution on ultrashort time 
scales opens up completely new fields of research in physics, chemistry, and biology.[1] 
Furthermore, the high intensities that can be generated using femtosecond light pulses allow 
us to explore new regimes of light-matter interaction.[2] The implementation of more 
sophisticated spectroscopic techniques has been accompanied by improvements in laser 
sources. Considerable effort has been dedicated to the achievement of shorter light 
pulses,[3-5] to improve temporal resolution; other efforts have worked to expand the 
frequency tunability of the pulses, since this would make it possible to excite in resonance 
different materials, and to probe optical transitions occurring at different frequencies. Early 
sources of femtosecond optical pulses were based on dye laser technology; in that case, 
some frequency tunability could be achieved by simply changing the laser dye.[6] This 
flexibility, however, came at the expense of a complicated and time consuming 
reoptimization. 
In recent years, femtosecond laser systems have become readily available. Rapid 
developments of widely tunable femtosecond laser radiation has also become power tools in 
the field of ultrafast spectroscopy, especially the transient ultrafast pump-probe 
spectroscopy on various from small organic compounds to complex enzymes, has opened 
up new research interests in femto-chemistry and femto-biology in the recent years.[7-9] The 
combination of high-intensity, ultrashort pulses from amplified solid-state lasers, for 
example, the regeneratively amplified Ti: sapphire laser systems running at 800-nm, with 
nonlinear optical techniques, such as optical parametric generator /amplifier (OPG/OPA), 
has made widely tunable femtosecond laser pulses routinely available in many research 
laboratories. Generally, the OPG process transfers energy from a high-power, fixed 
frequency pump beam to a low-power, variable frequency signal beam, thereby generating 
also a third idler beam. To be efficient, this process requires very high intensities of the 
order of tens of GW/cm2; it is therefore eminently suited to femtosecond laser systems, 
which can easily achieve such intensities even with modest energies, of the order of a few 
microjoules. They have proved versatile as widely tunable coherent sources, especially for 
short pulses since they can offer both high gain and high-gain bandwidth. Gain bandwidths 
of several thousand wave numbers are possible,[10-15] corresponding to transform-limited 
pulse durations down to a few femtoseconds, and amplification of such short pulses has 
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1. Introduction      
Ultrafast optical science is a rapidly evolving multidisciplinary field: the ability to excite 
matter with femtosecond light pulses and probe its subsequent evolution on ultrashort time 
scales opens up completely new fields of research in physics, chemistry, and biology.[1] 
Furthermore, the high intensities that can be generated using femtosecond light pulses allow 
us to explore new regimes of light-matter interaction.[2] The implementation of more 
sophisticated spectroscopic techniques has been accompanied by improvements in laser 
sources. Considerable effort has been dedicated to the achievement of shorter light 
pulses,[3-5] to improve temporal resolution; other efforts have worked to expand the 
frequency tunability of the pulses, since this would make it possible to excite in resonance 
different materials, and to probe optical transitions occurring at different frequencies. Early 
sources of femtosecond optical pulses were based on dye laser technology; in that case, 
some frequency tunability could be achieved by simply changing the laser dye.[6] This 
flexibility, however, came at the expense of a complicated and time consuming 
reoptimization. 
In recent years, femtosecond laser systems have become readily available. Rapid 
developments of widely tunable femtosecond laser radiation has also become power tools in 
the field of ultrafast spectroscopy, especially the transient ultrafast pump-probe 
spectroscopy on various from small organic compounds to complex enzymes, has opened 
up new research interests in femto-chemistry and femto-biology in the recent years.[7-9] The 
combination of high-intensity, ultrashort pulses from amplified solid-state lasers, for 
example, the regeneratively amplified Ti: sapphire laser systems running at 800-nm, with 
nonlinear optical techniques, such as optical parametric generator /amplifier (OPG/OPA), 
has made widely tunable femtosecond laser pulses routinely available in many research 
laboratories. Generally, the OPG process transfers energy from a high-power, fixed 
frequency pump beam to a low-power, variable frequency signal beam, thereby generating 
also a third idler beam. To be efficient, this process requires very high intensities of the 
order of tens of GW/cm2; it is therefore eminently suited to femtosecond laser systems, 
which can easily achieve such intensities even with modest energies, of the order of a few 
microjoules. They have proved versatile as widely tunable coherent sources, especially for 
short pulses since they can offer both high gain and high-gain bandwidth. Gain bandwidths 
of several thousand wave numbers are possible,[10-15] corresponding to transform-limited 
pulse durations down to a few femtoseconds, and amplification of such short pulses has 
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been demonstrated.[16,17] In addition, high powers have been generated over a wide range 
of wavelengths.[18-20] 
The techniques are capable of generating widely tunable femtosecond light pulses from the 
near UV/VIS through the near-IR. [21-49] Among those reports, the seeded non-collinear 
optical parametric amplifier (NOPA) of whit-light super-continuum is commonly used for 
generating femtosecond widely tunable radiation.[37-49] The use of a seeder significantly 
reduces the pumping threshold required spontaneous parametric fluorescence and increases 
the output energy of OPA, and improves its pulse-to-pulse stability and spatial quality.[42] 
The use of NOPA has some unique advantages, it allows reduction of group velocity 
mismatch (GVM), increasing the interaction length between the pump pulse and the seeder 
and thus increasing the gain factor. However due to the limitation of phase-matching 
condition, the tuning range of a 400-nm pumped type-I β-BaB2O4 (BBO) NOPA covers only 
from 460nm to 720nm in the signal branch and from 900nm to 2.4μm in the idler branch. 
This is unfortunate since tunable femtosecond pulses in the blue-to-near UV region 
(<460nm) are most useful in many applications ranging from investigation of wide band-
gap materials to probing biomolecules. In order to extend the tuning range, various 
nonlinear optical processes, such as sum frequency generation (SFG) and second harmonic 
generation (SHG), can be used to convert the output of NOPA to the desired short-
wavelength radiation. Petrov et al. reported wavelength extension through cascaded 2nd-
order nonlinear frequency-conversion process.[24]However, it requires an additional SHG 
or SFG device for the wavelength conversion. This complicates the entire tunable 
femtosecond laser system. Furthermore, conversion efficiency of SHG or SFG for NOPA is 
often limited. 
Recently, several groups had demonstrated that femtosecond pulses near 400nm can be 
generated with a 267-nm-pumped NOPA.[49-52] Using a pump of 258nm from a frequency 
tripled femtosecond Ti:Sapphire laser system, Tzankvo‘s group had reported wavelength 
tunning from 346nm to 453nm. [53] These approaches to generating femtosecond deep UV 
pulses are typically inefficient and require special and limits conversion efficiency. We 
recently reported an alternative method of generating tunable femtosecond pulses from 
380nm to 465nm near the degenerate point of a 405-nm pumped type-I BBO noncollinearly 
phase-matched optical parametric amplifier (NOPA).[54,55] This was tentatively attributed 
to cascading sum frequency generation (SFG) of the generated OPA pulses and the residual 
fundamental laser pulse at 810nm in the same crystal for NOPA. The tunable SFG output is 
readily available from the OPA stage without any additional frequency conversion device. 
In Section 2, we present a theoretically analysis of this much simpler scheme to generate 
femtosecond tunable radiation. In Section 3, we describe and experimentally demonstrate 
the arrangement and performance of this approach. Tuning range for various seeding 
angles, conversion efficiency and pulse profile are characterized in detail. With a pumping 
energy of 75 μJ at 405 nm, the optical conversion efficiency from the pump to the tunable 
SFG is more than 5%. 

2. Theoretical treatment 
Optical parametric amplification belongs to the three-wave frequency mixing processes. In 
order to achieve efficient frequency conversion, the conservation law of photon energies and 
momentums must be satisfied in this process [56]: 
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where ωl and kl denote the frequency and wave vector of the pump (l=p), signal (l=s) and 
idler (l=i) beam, respectively. Fig. 1 illustrates the phase matching scheme of the NOPA and 
cascading SFG to be employed in our setup. The signal beam of NOPA is injected into an 
appropriate nonlinear optical crystal with an angle α relative to the propagation direction of 
the pump beam. Here, the sign of α is defined to be positive when the direction of seeding 
signal beam is rotated counterclockwise from the pump beam. The idler beam is generated 
at an angle δ with respect to the signal beam. The cascading sum-frequency generation 
satisfies the following conservation law of energies and momentums: 
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where ω810, k810, ωSFG and kSFG denote the frequency and wave vector of the residual 810-nm 
pump beam and SFG, respectively. The resulting SFG is an e-ray for a type I BBO-NOPA 
and propagates with an angle δ’ relative to the idler beam direction: 
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where θs, θi are the angle of signal and idler with respect to the optic axis, respectively. 
The angle θ between the SFG beam and optic axis can be calculated from 

 iθ θ δ′= −  (4) 

The index of refraction experienced by the SFG shall be 
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To properly depict the phase mismatching of the three-wave mixing processes in the NOPA 
and SFG, we express the summation of the wave vectors of optical pulses as: 
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Upon the equations presented above, we can calculate the central wavelength and the 
tuning range of cascading SFG at various seeding angles by taking into account the phase-
matching condition for both NOPA and SFG and the group velocity mismatch (GVM) 
among the optical pulses involved. Fig. 2 presents the tuning range of cascading SFG at 
various seeding angles α.  When the seeding angle ranges from -3o to -18o, the phase-
matching angle of the NOPA was found to overlap with that for SFG in a ~400nm-pumped 
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been demonstrated.[16,17] In addition, high powers have been generated over a wide range 
of wavelengths.[18-20] 
The techniques are capable of generating widely tunable femtosecond light pulses from the 
near UV/VIS through the near-IR. [21-49] Among those reports, the seeded non-collinear 
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generating femtosecond widely tunable radiation.[37-49] The use of a seeder significantly 
reduces the pumping threshold required spontaneous parametric fluorescence and increases 
the output energy of OPA, and improves its pulse-to-pulse stability and spatial quality.[42] 
The use of NOPA has some unique advantages, it allows reduction of group velocity 
mismatch (GVM), increasing the interaction length between the pump pulse and the seeder 
and thus increasing the gain factor. However due to the limitation of phase-matching 
condition, the tuning range of a 400-nm pumped type-I β-BaB2O4 (BBO) NOPA covers only 
from 460nm to 720nm in the signal branch and from 900nm to 2.4μm in the idler branch. 
This is unfortunate since tunable femtosecond pulses in the blue-to-near UV region 
(<460nm) are most useful in many applications ranging from investigation of wide band-
gap materials to probing biomolecules. In order to extend the tuning range, various 
nonlinear optical processes, such as sum frequency generation (SFG) and second harmonic 
generation (SHG), can be used to convert the output of NOPA to the desired short-
wavelength radiation. Petrov et al. reported wavelength extension through cascaded 2nd-
order nonlinear frequency-conversion process.[24]However, it requires an additional SHG 
or SFG device for the wavelength conversion. This complicates the entire tunable 
femtosecond laser system. Furthermore, conversion efficiency of SHG or SFG for NOPA is 
often limited. 
Recently, several groups had demonstrated that femtosecond pulses near 400nm can be 
generated with a 267-nm-pumped NOPA.[49-52] Using a pump of 258nm from a frequency 
tripled femtosecond Ti:Sapphire laser system, Tzankvo‘s group had reported wavelength 
tunning from 346nm to 453nm. [53] These approaches to generating femtosecond deep UV 
pulses are typically inefficient and require special and limits conversion efficiency. We 
recently reported an alternative method of generating tunable femtosecond pulses from 
380nm to 465nm near the degenerate point of a 405-nm pumped type-I BBO noncollinearly 
phase-matched optical parametric amplifier (NOPA).[54,55] This was tentatively attributed 
to cascading sum frequency generation (SFG) of the generated OPA pulses and the residual 
fundamental laser pulse at 810nm in the same crystal for NOPA. The tunable SFG output is 
readily available from the OPA stage without any additional frequency conversion device. 
In Section 2, we present a theoretically analysis of this much simpler scheme to generate 
femtosecond tunable radiation. In Section 3, we describe and experimentally demonstrate 
the arrangement and performance of this approach. Tuning range for various seeding 
angles, conversion efficiency and pulse profile are characterized in detail. With a pumping 
energy of 75 μJ at 405 nm, the optical conversion efficiency from the pump to the tunable 
SFG is more than 5%. 

2. Theoretical treatment 
Optical parametric amplification belongs to the three-wave frequency mixing processes. In 
order to achieve efficient frequency conversion, the conservation law of photon energies and 
momentums must be satisfied in this process [56]: 
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where ωl and kl denote the frequency and wave vector of the pump (l=p), signal (l=s) and 
idler (l=i) beam, respectively. Fig. 1 illustrates the phase matching scheme of the NOPA and 
cascading SFG to be employed in our setup. The signal beam of NOPA is injected into an 
appropriate nonlinear optical crystal with an angle α relative to the propagation direction of 
the pump beam. Here, the sign of α is defined to be positive when the direction of seeding 
signal beam is rotated counterclockwise from the pump beam. The idler beam is generated 
at an angle δ with respect to the signal beam. The cascading sum-frequency generation 
satisfies the following conservation law of energies and momentums: 
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where ω810, k810, ωSFG and kSFG denote the frequency and wave vector of the residual 810-nm 
pump beam and SFG, respectively. The resulting SFG is an e-ray for a type I BBO-NOPA 
and propagates with an angle δ’ relative to the idler beam direction: 
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where θs, θi are the angle of signal and idler with respect to the optic axis, respectively. 
The angle θ between the SFG beam and optic axis can be calculated from 

 iθ θ δ′= −  (4) 

The index of refraction experienced by the SFG shall be 
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To properly depict the phase mismatching of the three-wave mixing processes in the NOPA 
and SFG, we express the summation of the wave vectors of optical pulses as: 
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Upon the equations presented above, we can calculate the central wavelength and the 
tuning range of cascading SFG at various seeding angles by taking into account the phase-
matching condition for both NOPA and SFG and the group velocity mismatch (GVM) 
among the optical pulses involved. Fig. 2 presents the tuning range of cascading SFG at 
various seeding angles α.  When the seeding angle ranges from -3o to -18o, the phase-
matching angle of the NOPA was found to overlap with that for SFG in a ~400nm-pumped 
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type-I BBO-NOPA near its degenerate point of θ~29o.  The result reveals that the central 
wavelength of the cascading SFG is adjustable from 410nm to 440nm by decreasing the 
seeding angle (see the filled squares for Δk=0). The tuning of the DFG can be achieved in 
two ways: one is to change the seeding angle between the white light supercontinuum 
(WLS) and the pump, the other is to scan the orientation of the crystal. 
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Fig. 1. Schematic showing the noncollinear phase matching condition for optical parametric 
amplifier (OPA) and the cascading SFG of OPA and residual 810nm pump beam. 

As can be seen in Fig. 2 that at larger seeding angles, such as -15o, where the central 
wavelength with Δk=0 is near 410nm, small GVM and therefore large pulse interactive 
length are yielded for wavelength from 380nm to ~460nm. At seeding angle around -8o, the 
tuning range slightly increases and covers from ~390nm to ~500nm.  At an even small angle 
such as -2o →-6o, the tuning range breaks into two separated regimes. But at such a small 
seeding angle, the GVM is large and the pulse interaction length becomes shorter. We need 
to apply higher pumping intensity in order to generate stable SFG. In addition to the    
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Fig. 2. Theoretical tuning curves of the cascading SFG at various seeding angles between 
OPA and residual 810-nm laser beam in a 405nm pumped type-I BBO-NOPA 

Cascaded Nonlinear Optical Mixing in a Noncollinear Optical Parametric Amplifier   

 

427 

drawback, the GVM from dispersion of WLS is also difficult to be compensated with the 
noncollinear phase matching scheme. At a given seeding angle, the SFG wavelength can also 
be tuned by changing the orientation of the NOPA crystal and thus continuous wavelength 
scan can be done. 

3. Experimental setup 
The experimental setup is shown in Fig. 3. An amplified femtosecond Ti: sapphire laser 
provides pulse energy of 1mJ at 810nm with pulse duration of ~90 fs and 1-kHz pulse 
repetition frequency. The output of the laser is split into two parts: 90% of the energy is 
frequency-doubled to 405nm with a 0.30-mm-thick BBO for pumping NOPA. The 
frequency-doubling pulse energy is adjustable from 50 to 120 μJ. The rest 10% of the 
Ti:sapphire laser beam is used to generate WLS with a 2-mm-thick CaF2 plate. CaF2 plate is 
employed to reduce the chirping in WLS and increase the seeding intensity so that the 
generated OPA pulses could be stronger and more stable. The generated WLS is collimated 
and then temporally and spatially overlaps with the SH beam in a 2-mm-long type-I BBO 
cut at 29o. The beam crossing angle between the seeding and the pump pulses is adjustable 
from -2o to -18o. 
Around the degenerate point of the NOPA, a bright beam with wavelength tunable from 
near UV to the blue can readily be observed. The inset of Fig. 3 was taken with the output of 
the NOPA being projected onto a while paper. The ring is the parametric superfluorescence 
and the black spot at the center of the ring indicates the position of the residual pump beam 
at 405nm. We punched a hole on the screen to let the residual pump beam pass through the 
hole to avoid saturation of CCD camera by the scattered residual pump beam. The red spot 
on the right-hand side of the pump and near the superfluorescence ring is the output of 
OPA. On the left-hand side of the pump, the spot outside of the ring is originated from the 
tunable SHG of the OPA component and the bright spot inside of the ring is widely tunable 
from 380 nm to 460 nm. 
 

 

Fig. 3. Experimental setup of the noncollinear optical parametric amplifier and cascading 
SFG employed in this study.  The inset shows the beam pattern of NOPA output projected 
onto a white screen. The image was taken with a seeding angle of -8o. 
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Fig. 3. Experimental setup of the noncollinear optical parametric amplifier and cascading 
SFG employed in this study.  The inset shows the beam pattern of NOPA output projected 
onto a white screen. The image was taken with a seeding angle of -8o. 
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4. Results and discussions 
We found experimentally that the bright and widely tunable spot at UV/blue can be 
attributed to the sum-frequency-generation (SFG) from the NOPA and the residual pump 
beam at 810 nm used in WLS generation. At seeding angle of -14o, the SFG was observable 
even below the pumping threshold of parametric superfluorescence. However when the 
seeding angle is decreased to -6o→-8o, we have to pump the NOPA crystal to a level at 
which a bright and stable parametric super fluorescence is obtained.  To further reduce the 
seeding angle, the SFG becomes difficult to be generated. Based on the calculation of the 
GVM among SFG, OPA and 810-nm pulses, we found that seeding angle between -8.4o and -
14o is most appropriate for the cascading SFG. At a small seeding angle of ~-1.5o, the large 
GVM leads to a short interactive length in the crystal and it weakens the cascading SFG. 
Note that at the small seeding angle we can still observe several blue spots, which could be 
attributed to the SHG of the OPA and cascading SFG. As shown in Fig. 4, at a small seeding 
angle of ~-2o, the phase matching curve of the cascading SFG crosses with that of the SHG of 
the idler with a wavelength near 800 nm. Therefore, it is possible to simultaneously observe 
the SHG of the NOPA idler wave and cascading SFG at small seeding angle. Although the 
SHG of NOPA allows extending the wavelength to 380-nm or lower, its output energy is 
significantly lower than the cascading SFG at large seeding angle. 
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Fig. 4. Calculated curves of phase-matching angle of the cascading SFG (left y-axis) and the 
SHG of NOPA idler wave (right y-axis) as a function of optical wavelength of OPA (x-axis: 
bottom) and SFG (x-axis: top). 

4.1 Tuning range of cascaded SFG and SHG 
We can adjust the central wavelength of the cascading SFG by varying the orientation of the 
NOPA crystal with a given seeding angle. Fig. 5 shows the spectra of the cascading SFG 
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with a seeding angle of -8.4o and -14o, respectively. As shown in Fig. 5(a) with a seeding 
angle of -8.4o, the tuning range covers from 395nm to 465nm and similarly with seeding 
angle of -14o the tuning range can extend from 380nm to 432nm. Figure 6 shows the tuning 
characteristics of the generated SFG and SHG, respectively, at a seeding angle of 8-degree. 
The SFG is tuned by rotating the BBO crystal. A tuning range from 389 nm to 425-nm had 
been observed as shown in the top figure. The maximum output of SFG is at 400-nm. With 
the same seeding angle of 8 degree, the tuning range of the cascaded SHG of OPA covers a 
very broad spectral range from 410-nm to 660-nm. The maximum output occurs at 439-nm. 
The bottom figure shows the spectra of the tunable SHG at various angles of the BBO.  
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Fig. 5. Spectrum of the cascading SFG at various orientations of BBO. The seeding angle 
used is (a)~-8.4o; (b)~-14o 
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with a seeding angle of -8.4o and -14o, respectively. As shown in Fig. 5(a) with a seeding 
angle of -8.4o, the tuning range covers from 395nm to 465nm and similarly with seeding 
angle of -14o the tuning range can extend from 380nm to 432nm. Figure 6 shows the tuning 
characteristics of the generated SFG and SHG, respectively, at a seeding angle of 8-degree. 
The SFG is tuned by rotating the BBO crystal. A tuning range from 389 nm to 425-nm had 
been observed as shown in the top figure. The maximum output of SFG is at 400-nm. With 
the same seeding angle of 8 degree, the tuning range of the cascaded SHG of OPA covers a 
very broad spectral range from 410-nm to 660-nm. The maximum output occurs at 439-nm. 
The bottom figure shows the spectra of the tunable SHG at various angles of the BBO.  
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Fig. 5. Spectrum of the cascading SFG at various orientations of BBO. The seeding angle 
used is (a)~-8.4o; (b)~-14o 
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Figure 6 shows the tuning characteristics of the generated SFG and SHG, respectively, at a 
seeding angle of 8-degree. The SFG is tuned by rotating the BBO crystal. A tuning range 
from 389 nm to 425-nm had been observed as shown in the top figure. The maximum output 
of SFG is at 400-nm. With the same seeding angle of 8 degree, the tuning range of the 
cascaded SHG of OPA covers a very broad spectral range from 410-nm to 660-nm. The 
maximum output occurs at 439-nm. The bottom figure shows the spectra of the tunable SHG 
at various angles of the BBO. It is seen from Fig. 2 that the tuning range of the cascaded 
SFG/SHG fills the gap of the tuning range of a 400-nm pumped OPA in the wavelength 
range shorter than 460-nm. Experimentally, it is observed that the SFG and SHG can be 
generated simultaneously over a broad tuning range of the OPA. 
 

 
(a) 

 

 
(b) 

Fig. 6. Spectra of cascaded SFG (up-figure) and SHG (bottom-figure) of NOPA at various 
BBO orientations. The spectra were taken at a seeding angle of 8 degree. 
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In order to understand such a phenomenon, a theoretical calculation was done to find the 
phase-matching conditions for the OPA, the cascaded SFG and SHG.  It can be shown that 
when the seeding angle lies between 3 to 18 degrees, the phase-matching angle of the 
cascaded SFG and SHG of OPA is coincidently overlapped with that of a 400-nm pumped 
type-I BBO NOPA at its degenerate point. Fig. 7 shows the theoretical tuning range and the 
SFG wavelength with Δk=0 for a variety of seeding angle α. The measured wavelengths 
with α= -8.4o and -14o are also included for comparison. It was found that the experimental 
results (open symbols) agree well with the theoretical calculation (solid lines). The measured 
SFG wavelength with maximum-gain (the star symbols) also coincides well with the 
calculated phase-matched SFG wavelength with Δk=0 (the filled squares). This firmly 
supports our concept about the origin of the generated tunable UV/blue radiation from 
NOPA. 
 
 

 

Fig. 7. Theoretical tuning range and the cascading SFG wavelength with maximum gain 
under various angles of α. Experimental data of SFG wavelength with seeding angle of -8.4o 
and -14o are also included for comparison. 

4.2 Conversion Efficiency of Cascaded SFG-OPA 
The cascading SFG yields fairly high optical conversion efficiency. With a pumping 
energy of 75 μJ per pulse, the output of the SFG was measured to be about 4μJ, which 
corresponds to an optical conversion efficiency of more than 5% from the pump to the 
SFG. The output of DFG can be increased by increasing the total energy used for WSL 
generation and thus the residual radiation at 810-nm is higher. Fig. 8 presents a plot of the 
SFG output power at a variety of residual pulse energy at 810nm along the WLS seeding 
beam.  The observed linear dependence of SFG output power on residual 810nm beam 
provides extra supporting data for our notion of the generation mechanism of the 
cascading SFG. As noted above, we can also produce tunable near UV-VIS femtosecond 
pulses by frequency-doubling the output of the OPA or use SFG to combine the output of 
OPA with the fundamental laser at ~810nm. However, these schemes need extra NLO 
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Fig. 6. Spectra of cascaded SFG (up-figure) and SHG (bottom-figure) of NOPA at various 
BBO orientations. The spectra were taken at a seeding angle of 8 degree. 
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crystal and require synchronous tuning of at least two crystals. This makes the operation 
of these devices complicated. 
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Fig. 8. Output power of the cascading SFG as a function of the averaged power of the 
residual 810nm pump beam 

4.3 Pulse shape of SFG 
By using a newly developed OPA-based frequency-resolved optical gating (OPA-FROG) 
[57], the output of the NOPA can be fully characterized. Fig. 9 shows the measured OPA-
FROG trace and its retrieved amplitude and phase of the NOPA component at 571nm. The 
retrieved OPA-FROG trace shows that no significant chirping in the NOPA output pulse. 
The pulse duration of the NOPA is about 75-fs. We also employ a single-shot XFROG[58] to 
deduce the pulse profile of the cascading SFG and found the FWHM duration is about 100-
fs.  The value is longer than that of the corresponding NOPA but shorter than that of the 
residual 810-nm pulse. This result also agrees with the notion that the SFG component is a 
temporal convolution of the NOPA component and the residual fundamental beam. The 
OPA component is generally shorter than that of its pump at 405-nm, which is shorter than 
its fundamental pulse at 810 nm. 

5. Summary 
In conclusion, we have successfully demonstrated the generation of femtosecond laser 
pulses tunable from 380nm to 460nm via cascading SFG in a 405nm pumped type-I non-
collinearly phase-matched OPA. Furthermore, we theoretically analyzed this much 
simpler scheme to generate femtosecond tunable radiation. Tuning range at various 
seeding angles, conversion efficiency and pulse profile are characterized in detail. The 
energy conversion efficiency of the SFG is more than 5%. The reported scheme provides a 
simple while effective way to extend the tuning range of a 405nm pumped type-I BBO-
OPA from 460nm down to 380nm without any additional frequency up-conversion stage. 
It is also found that the beam quality and pulse shape of the SFG component is about the 
same as that of OPA. 
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Fig. 9. (a) Measured OPA-FROG trace of NOPA output at 571 nm; (b) the retrieved pulse 
profile (solid line) and phase (dotted line) of the NOPA output.  
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crystal and require synchronous tuning of at least two crystals. This makes the operation 
of these devices complicated. 
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Fig. 8. Output power of the cascading SFG as a function of the averaged power of the 
residual 810nm pump beam 

4.3 Pulse shape of SFG 
By using a newly developed OPA-based frequency-resolved optical gating (OPA-FROG) 
[57], the output of the NOPA can be fully characterized. Fig. 9 shows the measured OPA-
FROG trace and its retrieved amplitude and phase of the NOPA component at 571nm. The 
retrieved OPA-FROG trace shows that no significant chirping in the NOPA output pulse. 
The pulse duration of the NOPA is about 75-fs. We also employ a single-shot XFROG[58] to 
deduce the pulse profile of the cascading SFG and found the FWHM duration is about 100-
fs.  The value is longer than that of the corresponding NOPA but shorter than that of the 
residual 810-nm pulse. This result also agrees with the notion that the SFG component is a 
temporal convolution of the NOPA component and the residual fundamental beam. The 
OPA component is generally shorter than that of its pump at 405-nm, which is shorter than 
its fundamental pulse at 810 nm. 

5. Summary 
In conclusion, we have successfully demonstrated the generation of femtosecond laser 
pulses tunable from 380nm to 460nm via cascading SFG in a 405nm pumped type-I non-
collinearly phase-matched OPA. Furthermore, we theoretically analyzed this much 
simpler scheme to generate femtosecond tunable radiation. Tuning range at various 
seeding angles, conversion efficiency and pulse profile are characterized in detail. The 
energy conversion efficiency of the SFG is more than 5%. The reported scheme provides a 
simple while effective way to extend the tuning range of a 405nm pumped type-I BBO-
OPA from 460nm down to 380nm without any additional frequency up-conversion stage. 
It is also found that the beam quality and pulse shape of the SFG component is about the 
same as that of OPA. 
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Fig. 9. (a) Measured OPA-FROG trace of NOPA output at 571 nm; (b) the retrieved pulse 
profile (solid line) and phase (dotted line) of the NOPA output.  
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