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Summary

During the last years all-optical signal processing has been demonstrated to be an attractive
solution for upgrading the capacity of existing optical networks. InitBg:m window, chro-

matic dispersion in standard single-mode fibre (SSMF) is minimal, which allows long-haul
high-speed transmission to be performed with relative ease. The introduction of polarisation
insensitive multiple quantum well semiconductor optical amplifiers (MQW SOA) has led to
the construction of long-haul transmission links, that replace conventional in-line electrical
regenerators with optical repeater units (ORUSs) containing MQW SOAs. When the bit rates
of time multiplexed signals become too high to be generated or to be processed after de-
tection, generation and processing can be performed in the optical domain. This processing
requires a nonlinear optical component. SOAs qualify for all-optical signal-processing ap-
plications because their optical gain saturates nonlinearly. The asymmetrical placement of a
saturable optical amplifier in a Sagnac interferometer results in an optical switch. The switch
can be closed for a short period of time by feeding a narrow optical pulse into the Sagnac
loop which saturates the optical amplifier. In the literature this optical switch is known as the
“Terahertz Optical Asymmetrical Demultiplexer”, or TOAD.

In the case ofl0 Gb/s to2.5 Gb/s all-optical demultiplexing, a switch signal is required
that consists of narrow optical pulses with a repetition rat@.6fGHz. A ring laser has

been designed incorporating a SOA of which the round trip gain is modulated externally by
a sinusoidal optical signal. A.5 GHz train of low jitter optical pulses with a full-width
half-maximum time ofl2 — 20 ps was generated. In combination with the optical switch,
operation resulted in error free demultiplexing2téd Gb/s. A power penalty o2.3 dB was
observed. Power fluctuations at the inpul®dB did not effect error-free performance.

For all-optical time-domain demultiplexing frot® Gb/s to10 Gb/s a similar configuration of

the optical switch was used. The purpose of constructid@@b/s to10 Gb/s demultiplexer

was to investigatd0 Gb/s,> 200 km transmission using SSMF and in-line ORUs. To this
end an all-optical clock recovery circuit was constructed that recovr&adz switch signal

from a10 Gb/s data signal. The circuitis based on a ring laser with a saturable amplifier and a
saturable absorber. The absorber consists of a Sagnac interferometer with an asymmetrically
placed SOA. An adjustable optical attenuator is also inserted in the Sagnac interferometer and
allows asymmetrical excitation and saturation of the SOA. The output pulses of this structure
are narrowed replicas of the input pulses. In the remainder of the cavity pulses are broadened.
This resulted both theoretically and experimentally in a stable mode-locked pulse train. The
pulse duration of the recoverdd GHz switch pulses amounted t0 5 ps. The recovered
switch signal was suitable for error free demultiplexing dftaGb/s signal from al0 Gb/s

signal in a feed-back configuration with the TOAD switch. A power penaltg dB was
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observed and at the input a dynamic rang&.0fdB was achieved. A special procedure was
followed to start the system and periodic corrections had to be made while the whole setup
was free-running.

This setup was used to bridgé6 km of SSMF incorporating in-line ORUs. To avoid excess
gain, the length of the sections were matched to the gain of the ORUs. It has been demon-
strated that excess gain results in saturation, pattern effects and increased noise levels which
compromises error free transmission. Afp6 km this40 Gb/s signal was demultiplexed

to 10 Gb/s and detected error free. A power penaltytdf dB resulted from th&16 km
transmission. In addition, all four channels behaved almost identically.

The experimental setup also functioned 89 &b/s all-optical regenerator. Excess gain dur-

ing transmission was demonstrated to cause distortions resulting in “noise floors” that could
be removed by employing the same configuration used id@Hhe 10 Gb/s demultiplexing
experiment.

Theoretical analysis of the optical switch reveals a strong dependence on the choice of the
optical coupler of the Sagnac interferometer. For quantitative theoretical analysis of the per-
formance of the optical switch, a new definition of channel extinction ratio was introduced.
The channel extinction ratio is defined as the quotient of the energy of the forward transmitted
window (desired signal) and the energy that leaks through outside this window (undesired sig-
nal). Different simulations have been carried out401Gb/s to10 Gb/s demultiplexing with
different parameters for the coupler, amplifier and switch signal. Three amplifier models of
increasing complexity were numerically implemented in simulation tools for simulating the
TOAD configuration.

In this thesis it is demonstrated that, futdfeGb/s transmission systems can be realised in
the 1.3 pm window usingl.3 um MQW SOAs. Polarisation-insensitive MQW SOAs can

be used both for in-line amplification and as nonlinear element in signal-processing applic-
ations like all-optical time-domain demultiplexing, all-optical clock recovery and all-optical
regeneration. In future all-optical high-speed networks, several all-optical signal processing
applications may be integrated to form nodes that autonomously configure and route data
streams.
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Chapter 1

Introduction

Today, telecommunications are natural elements just the way electricity, water and heating
already are. The telephone, Internet and mass media enabled mankind to broaden their hori-
zon. The community has adopted to rely on telecommunication systems to satisfy its needs
for information and communication. Comprehensive encyclopaedias with sounds and motion
pictures, tele-working and tele-shopping are a few applications that have led to an increasing
demand for a larger, faster and more sophisticated communications network. At the trunk
level, this network exists of fibre-optic cables. Access to the home is largely based on un-
shielded twisted pair copper wiring. The demand for more network capacity has challenged
researchers to develop and incorporate new technologies, like wavelength-division multi-
plexing (WDM) and optical time-domain multiplexing (OTDM). In this process researchers
encounter physical problems that impose severe limitations. In specific situations one can
actually profit from a physical phenomenon that is originally seen as a problem. Chromatic
dispersion of optical fibre and optical fibre and amplifier nonlinearities are effects that usually
restrict the transmission capacity. However, when properly controlled, some of these effects
may sometimes compensate each other, thus improving the performance of optical commu-
nication systems.

In this introductory chapter, first a historical overview of the developments in the field of
optical communications is given. Subsequently, the concept of optical time-domain mul-
tiplexing is explained. A short treatment on nonlinear communications in optical fibre is
presented in Sec. 1.3. The last section provides an overview on how the treatment of optical
time-domain multiplexing technology is implemented in this thesis.

1.1 Historical overview of optical transmission

Optical fibre

The 1950s can be regarded as the decade where optical fibre characteristics improved to a
level where optical transmission became possible [1]. A cladding layer of low refractive index
glass surrounding a high refractive index glass core proved to confine light efficiently. During
the 1970s fibre losses decreased frihdB/km to a value that is close to the limit (Raleigh
scattering and infrared absorption in silica-based fibre@)dB/km at1.55 um [2], [3]. The
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availability of low-loss fibres led to the theoretical and experimental investigation of nonlinear
phenomenons such as four-wave mixing, self-phase modulation and stimulated Raman and
Brillouin scattering. In 1980 optical solitons were observed [4] in optical fibres according
to predictions made in 1973 [5]. In the beginning of the 1980s multimode fibre (MMF) was
superseded by single-mode fibre (SMF) which led to a vast improvement of direct detection
systems. Mode dispersion was no longer a limiting factor. Inltl3eym window zero
chromatic dispersion allowed bit rates to increase. Although fibre loss wa$ I8wdB/km

at 1.3 um) it still limited the maximum transmission distance. By doping the fibre core in

a specific way the dispersion profile could be shifted to higher wavelengths. In5then
window zero chromatic dispersion was obtained. By carefully designing the index profiles
of the fibre the minimum loss dt5 ym becamd).22 dB/km. Not only dispersion-shifted
fibre (DSF) but also dispersion-flattened fibre (DFF) has been realised which provides low
dispersion across both windows. So far, more than 200 million kilometres of standard single-
mode fibre (SSMF) have been installed world wide. Most of this fibre was initially intended
for 1.3 um but is now also being used far5 yum. Today SSMF as well as DSF are being
installed that are capable of sustaining communicatiossgim as well adl.3 pm.

Optical sources

Equally important is the progress in the field of laser physics. In 1953 carrier injection in a
P-N junction was proposed to provide stimulated emission, i.e., optical gain [6]. About ten
years later, in 1962, the semiconductor laser was demonstrated by several research groups
[71, [8]. In the 1970s, difficulties in the fabrication process of laser diodes were solved. Laser
diodes, that could be implemented in optical communication systems, were made available.
These first lasers were of the FabrgrBt type and were made from GaAs, a binary com-
pound. Large threshold currents and low efficiencies were characteristic for these devices.
This progress triggered researchers in the field of optical fibre and vice versa. Over the years
new technologies evolved such as the buried heterostructure laser diode which resulted in
lower threshold currents and improved efficiencies. Distributed feedback (DFB) laser diodes
[9] reduced the large dispersion penalties caused by the broad line-spectrum of the Fabry
Pérot laser diode. New materials like InGaAsP allowed for smaller band gaps resulting in
laser diodes for the telecommunication windows &t ym and1.5 pm. In 1985 the first

laser diode with a bandwidth beyond 10 GHz was demonstrated [10], rapidly followed by a
16 GHz [11] and a22 GHz [12] laser diode for thé.3 um window and suitable for pulse
amplitude modulation.

In addition to the development of semiconductor laser diodes that offer a flat frequency re-
sponse starting at DC so that they can be employed in direct amplitude modulation schemes,
sinusoidally modulated ring lasers that produce short optical pulses of high (peak)intensity
have also been developed to investigate fibre nonlinearities. Over the years, several mech-
anisms to obtain these short pulses have been investigated. First active mode-locking was
demonstrated by Ho [13] whe®8 ps wide optical pulses were obtained. The introduction of

a saturable absorber led to the generation of pulses with widths of lesstparj14]. In ad-

dition to mode-locking, gain switching and Q-switching also provided optical pulses. In [15]

it was first demonstrated that the relaxation oscillations of a laser diode could be exploited
by modulating a laser from below threshold. Twenty picosecond wide optical pulses were
observed. Characteristic for gain switching is that the pulse width lies generally ébpge
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The introduction of the saturable absorber merged gain switching and Q-switching. Now the
saturable absorption controlled the total gain of the laser. Larger inversion can be obtained
before a high intensity pulse is emitted. After emission of the pulse, the inversion of the gain
medium is reduced to a level slightly above threshold.

Today, actively and passively mode-locked lasers are composed of amplifying, absorbing,
phase matching and tuning sections in a FalagoPCavity or in a ring cavity. They provide
optical pulses with pulse widths belawps and repetition rates from a few GHz100 GHz

which can be implemented in systems with bit rates exceexliigsb/s [16]. The introduc-

tion of the Erbium-doped fibre amplifier introduced additive pulse mode-locking techniques
where the fibre nonlinearity causes intensity dependent polarisation rotations resulting in fast
saturable absorption when these pulses are discriminated by a polariser [17], [18], [19].

Optical amplification

Optical amplifiers can be divided into two groups, the semiconductor optical amplifiers
(SOAs) and the fibre optical amplifiers (FOAs). Semiconductor optical amplifiers are basic-
ally semiconductor laser diodes that have no resonators. Since the successful demonstration
of the semiconductor laser diode, the device received considerable attention as a potential
optical amplifier. In order to increase the gain of the amplifier the reflectivity of the mirrors
needs to be eliminated. In 1966 anti-reflective coatings were deposited at the end faces to
reduce reflectivities. As in the case of laser diodes, similar advanced structures were used to
improve the characteristics of semiconductor optical amplifiers. In the 1990s quantum well
laser amplifiers were developed. The main motives were to increase the saturation output
power and to improve noise performance. Furthermore, better (anti-reflective) coatings were
developed and by placing the endfaces in an oblique position the reflection coefficient could
be further reduced. Polarisation insensitive amplifiers with gains beyond 30 dB and satura-
tion output powers up td6 dB can now be achieved both for the ym and1.5 ym window

[20], [21], [22]. Although in 1963 the first fibre lasers were demonstrated it was not before
1987 that a fibre amplifier was realised that could contribute to the ongoing research in optical
telecommunications [23]. The advantages of fibre amplifiers are high gain, low noise, polar-
isation insensitivity and high saturation output power. Today most applications are focused
on1.5 um fibre amplified systems. Due to a limited number of suitable material compositions
the development of &.3 um fibre amplifier is more difficult. It has been demonstrated that

1.3 um praseodymium-doped fibre amplifiers (PDFA) providdgiB of optical gain can be
mounted on a printed circuit board fitting a single slot of a standard telecomunications rack
[24].

Wavelength- and time-division multiplexing

Over the years the fibre network had to be updated constantly. Space-division multiplexing is
the easiest way of increasing the capacity of the network. This method works well until all the

installed fibres are in use and new fibres must be installed which is financially not attractive.
Therefore this is not considered a realistic option. Instead, expansion of the network capa-
city can be achieved by electrically multiplexing several data signals to a signal of higher bit

rate, called electrical time-domain multiplexing (ETDM). This multiplexed signal will drive

a high-bandwidth laser diode. At the receiver side the bandwidth of the receiver must be en-
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Figure 1.1: (a) Time domain and spectral representation of an electrically time-domain mul-
tiplexed signal (ETDM), (b) a wavelength-division multiplexed (WDM) and (c) an optically
time-domain multiplexed (OTDM) system. In the case of ETDM and WDM system non-
return to zero (NRZ) data formats are used and in the case of the OTDM system a return to
zero (RZ) data format is used.

larged and high-speed electronics are needed to demultiplex the received signals to lower bit
rates. In the optical frequency domain a scenario suited for telecommunications was proposed
by Tomlinson and Aumiller in 1977 [25] which resembles a wavelength-division multiplexed
(WDM) system; each separate signal is allocated a specific wavelength. Over the years many
different WDM systems have been presented with increasing number of channels per unit
bandwidth and transmitting distances beyond 10,000 kilometres [26], [27], [28]. Recently,
a commercial system has become available that transmits 40 chani2els@ib/s using a

single optical fibre. The first communication system using optical time-division multiplexing
(OTDM) was presented in 1968 by Bell Telephone Laboratories [29], [30]. See Sec. 1.2 for
a detailed explanation of OTDM concept. They used a LiTai@usoidal polarisation switch

[31] to isolate a selected channel. In 1972 a 24 channel OTDM system was evaluated experi-
mentally, [32], and OTDM as a means to upgrade the fibre network became reality. Figure 1.1
depicts for (a) an ETDM, (b) a WDM and (c) an OTDM signal the time domain and spectral
representations. ETDM and WDM signals usually contain non-return to zero (NRZ) pulses
which are pulses that do not return to zero within one bit time. Consequently, between two
successive logical “1"s the optical power remains unchanged. OTDM signals use return to
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zero (RZ) pulses which start with zero power and end with zero power within one bit time.
Between two successive logical “1"s the optical power reduces to zero. If RZ pulses are nar-
row enough they can be interleaved without overlap. In the years to follow different optical
switches and gates were developed. The performance of the pulsating lasers improved and
the free space optics were replaced by fibre optics. The optical switch remained controlled
by electrical signals. In 1988 self switching in a nonlinear optical loop mirror (NOLM) was
demonstrated and a few years later the same loop was operated with two optical signals;
the high intensity signal controlled the throughput of the low intensity signal. At this point
all-optical time-domain demultiplexing became a realistic possibility for upgrading the fibre
network. Today, WDM and OTDM are well established technologies. A hybrid WDM and
OTDM experiment [33] demonstrates that it is possible to multiplex in the wavelength do-
main four40 Gb/s signals. Each0 Gb/s is optically multiplexed in the time domain from

four 10 Gb/s signals.

All-optical signal processing and clock recovery

In addition to optical time-domain demultiplexing other optical signal processing function-
alities have been realised over the years. From the early 1990s researchers have been focus-
ing on applications like optical wavelength conversion, optical header recognition, optical
sampling [34], optical bit rate conversion and optical packet buffering [35], [36], [37], [38].
Some of these all-optical signal processing applications require an optical clock that is ex-
tracted from the signal to be processed. All-optical clock recovery was first demonstrated
in 1991 [39] at a bit rate of Gb/s using a self pulsating laser diode. In 1993Gb/s all-
optical clock extraction was demonstrated [40]. A passively mode-locked ring laser generated
40 GHz nearly transform limited picosecond pulses. Today, clock recovery circuits based on
self pulsating laser diodes [41] as well as all fibre devices [42] have been demonstrated for
both thel.3 pm and1.55 um telecommunications window.

1.2 The optical time-domain multiplexing concept

1.2.1 Electrical and optical time-domain multiplexing

In Section 1.1 a short overview of the development of the optical time-domain multiplexing
(OTDM) technology was given. The main difference between an electrical and an optical
time-domain multiplexed systems is thatin ETDM systems the high speed signal is unravelled
electronically, i.e. after detection by a photodiode, while in the case of OTDM systems
this is done in the optical domain before detection by the photodiode. Figure 1.2 displays
schematically an ETDM (a) and an OTDM (b) optical transmission system. In the case
of the ETDM system one usually employs a non-return to zero data format because of its
bandwidth efficiency. In the case of an OTDM system a return to zero format is mandatory
otherwise the optical pulses of the different channels will overlap in time. Most OTDM
transmitters are built according to the scheme displayed in Fig. 1.2 where all channels are
modulated separately at a low bit rate and interleaved to form the high bit rate line signal.
This interleaving can only be performed correctly if the duty cyédlef the RZ pulses of the
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multiplexer demultiplexer
clock — I recovered clock
laser diode photodiode
datal—* Q S —datal
data 2 —| =X fibre link — data 2
data 3 —| > data 3
data 4 —* > data 4
(a)
(b) 4x1 splitter modulator 1 4x1 combiner 4x1 splitter photo diode (4x)
data 1
. modulator 2
laser diode [—
L O data 2
SN modulator 3 - -
| fibre link .
T | I data 3
clock >
data 4
modulator 4

data2 data4 (OS=optical switch) recovered clock
datal data3

Figure 1.2: (a) An electrically time-domain multiplexed (ETDM) system, (b) An optically
time-domain multiplexed (OTDM) system

individual channels satisfies

i<—1 (1.1)

channel

and each channel experiences a different delay equal to a multiple of

Tb,channel

Tdelay Nchannel ’ (12)
relative to all other channelsV;panner is the number of channels afig .4qnne is the bit

time of each channel. Figure 1.3 displays an example of four channel multiplexing where for
different duty cycles the multiplexed signal is constructed. NRZ signals can be thought of as
RZ signals with a duty cycle of 100%. In this example the maximum duty cycle is 25%. In
this case the multiplexed signal changes into a NRZ format. If the channels are modulated
with a NRZ signal the corresponding multiplexed signal is distorted to an extent where no
reconstruction of the original data patterns is possible. In practice, duty cycles elow—

are used to avoid beating effects due to interference of the leading and trailing edges of the
RZ pulses when they are combined to form the multiplexed signal. Therefore, the optical
modulators can only be driven by narrow pulses. This would require large bandwidth optical
modulators. Generally NRZ signals have a smaller bandwidth than RZ signals. Instead of
a laser source that emits continuous light a source that generates an optical pulse train can
be used. If these optical pulses do not stretch out beyond the time interval dictated by the
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duty cycle is 12.5 % duty cylce is 25 % duty cycle is 100 % (NRZ)
power
channel 1 channel 1 channel 1
time
channel 2 channel 2
channel 3 channel 3 channel 3
channel 4 channel 4

time multiplexed time multiplexed time multiplexed

(y-axis is divided by four to fit graph)

Figure 1.3: Example: For different duty cycles, four data channels and the corresponding
time multiplexed signal are constructed. The modulation patterns for channel 1,2,3 and 4 are
“101”, 111", “110” and “011”, respectively.

maximum allowable duty cycle than the electro-optic modulators can be driven by a NRZ
data pattern. Electro-optic modulators with a lower electrical bandwidth can now be used.

1.2.2 Different classes of OTDM systems

OTDM systems can be divided into a number of categories depending to what extent optical
technologies are utilised. Figure 1.4 displays block diagrams of the three different categories
of optical demultiplexing.

1. Electrically controlled optical switching using electrical clock recovery. In this case the
optical switches (see Fig. 1.4 (a)) are controlled by an electrical clock signal. In gen-
eral, a sinusoidal signal is used. Sometimes a third harmonic is added to increase the
rising and falling edges of the electrical switch signal in order to improve the contrast
of the induced time window. The electrical signal is retrieved from the received sig-
nal using conventional clock recovery techniques. LiNiB] and electro-absorption
modulators [44] are often used and can be cascaded to obtain more switching contrast.

2. Optically controlled optical switching using electrical clock recovery. Here optical
switches are controlled by means of an optical signal. In this category, see Fig. 1.4 (b),
usually a clock signal is extracted from the detected signal and is fed into a laser diode
that provides the optical switch signal [45], [46].
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3. Optically controlled optical switching using all-optical clock recovery (Fig. 1.4 (c)). This
class is referred to as all-optical time-domain multiplexing. In addition to an all-optical
switch, an all-optical clock recovery circuit is required that extracts an optical pulse
train from the optical data. To obtain optimal performance the width of the recovered
clock pulses must be the same as or smaller than the width of the pulses of the received

line signal.
narrowband receiver
(@) S electrical || divide
clock recovery by N
l receiver
line signal optical electro }K data >
optical coupler delay optical switch clock [——=
A 1
narrow band receiver
A electrical | |divide| | fptlcalpulse source -
clock recovery by N &) !
(b) l receiver
line signal optical all-optical | }K clock >
optical coupler delay switch data —»

optical clock recovery

optical pulse
SZ\\: " rate divider
© | receiver
line signal optical | | all-optical ' ;‘K data [~
optical coupler | _delay switch clock —

R R
0

Figure 1.4: (a) Optical demultiplexing with electrical clock recovery, (b) optical clock recov-
ery using an all-optical switch with electrical clock recovery driving a laser pulse source, (c)
all-optical demultiplexing with all-optical clock recovery. The dashed lines show alternatives
for the generation of the switch signal.

The dashed lines in Fig. 1.4 provide alternative ways to obtain a switch signal. An adjustable
optical delay should be inserted into the dashed lines to be able to allow the selection of a
desired channel.
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1.2.3 Types of optical switches for all-OTDM

Optical switches that can be found in all-optical time-domain systems perform a nonlinear
operation on the line signal that consists of time multiplexed channels. Therefore, switching
properties are derived from the nonlinear interaction of the switch signal on the line signal via
a nonlinear element. Up till now, a limited number of nonlinearities are employed in OTDM
switches. The optical fibre nonlinearity and the nonlinear saturation of optical amplifiers are
the two most important examples.

Fibre nonlinearity based switches: Nonlinear optical loop mirror

The nonlinear optical loop mirror (NOLM) [47] is the first all-optical switch whose operation
relies on fibre nonlinearity, specifically a phase difference induced by self-phase modulation
in an optical fibre. Its ability to switch optical solitons has been demonstrated in the work
described in [48]. The same year optical demultiplexing was demonstrated [49]. A NOLM
based demultiplexer is depicted in Fig. 1.5. Operation of the NOLM is treated only qualit-

optical fibre

WDM coupler

switch signal, A2

/\ WDM coupler
— —>
50/50 coupler data signal, A 1
line signal, A 1
—> —>
input output

1 2 3 4 1

1 2 3 41

Figure 1.5: A nonlinear optical loop mirror (NOLM) is configured as a four-channel optical
demultiplexer. A loose fibre, indicated with no arrow, is considered to be terminated in such
a way that no light can enter the fibre and that light leaving the fibre is not reflected.

atively because detailed operation can be found in the literature [50]. A 50/50 coupler splits
the low-intensity line signal into a clockwise and counter clockwise travelling signal. The
counter clockwise travelling signal ha®@ phase shift with respect to the clockwise trav-
elling signal due to the operation of the coupler. If no switching signal is applied the counter
clockwise travelling signal will again experienc@@ phase shift compared to the clockwise
travelling signal when coupled to the output port. At the output the two signals that counter
propagate in the loop will interfere destructively. According to the law of energy conserva-
tion the entire line signal is reflected. If high-intensity switch pulses are present and travel
clockwise co-located with the pulses of a pre-determined channel, cross-phase modulation
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imposes an additiondl80° phase shift on these pulses. In this configuration, cross-phase
modulation involves the nonlinear dependence of the refractive index of the fibre and the
propagation constant of optical signals in the fibre, on the optical power in the fibre. This
way, a high-intensity signal can change the phase of different low-intensity signals. As a
result the clockwise and counter clockwise travelling signals will interfere constructively for
the selected channel. The remaining pulses, belonging to the not selected channels, interfere
destructively, i.e., are reflected. If the fibre loop is made long enough for optical solitons to
obtain a time independent phase the switching efficiency can become close to 100%. The
fibre nonlinearity is instantaneous and allows for Th/s switching. If the loop is too long and
the difference in wavelength between the switching and line signal is too large, pulse walk-
off will occur. A difference in group velocity between the line and switch signals will result

in switch pulses that are no longer co-located with the pulses of the pre-determined channel
but with neighbouring pulses belonging to not selected channels. As a result constructive
interference does not only occur for the desired channel but also for neighbouring channels.

Fibre nonlinearity based switches: Nonlinear amplifying loop mirror

The nonlinear amplifying loop mirror (NALM) contains an optical amplifier inside the loop.
It is not the nonlinearity of the amplifier that is responsible for the optical switching but the
nonlinear induced cross-phase modulation in the fibre. The principle of operation is similar to

optical fibre

line signal, A 1

50/50 coupler data signal, A ;

l - /A\
optical filter >

1 2 3 4 1

1 2 3 41

switch signal,ﬁ

A

Figure 1.6: A nonlinear amplifying optical loop mirror (NALM) configured as a four-channel
optical demultiplexer.

that of the NOLM except that the switch signal propagates clockwise and counter clockwise.
Due to the EDFA the clockwise travelling switch pulse becomes stronger than the counter
clockwise travelling switch pulse. This allows only the clockwise travelling switch pulse to
induce a phase shift (i.e. to add an additional 180 degrees phase shift) on the co-propagating
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line signal [51] via cross-phase modulation in the optical fibre. The main advantage of this
configuration is that of an improved sensitivity which is equal to the sensitivity of the NOLM
divided by the gain of the EDFA, see Fig. 1.6. This configuration only works with a slow
amplifier because saturation effects will cause undesirable phase and amplitude distortions
on the clockwise and counter clockwise travelling data signals.

SOA nonlinearity based switches: Four-wave mixing

Amplifier nonlinearity based switches rely either on the saturation of the gain or on four-
wave mixing (FWM) in an optical amplifier. Four-wave mixing is induced by the nonlinear
susceptibility of the amplifier and is largely determined by material properties. FWM is a
phenomenon that occurs when two strong signals are present. When phase matching occurs
a gain grating is formed by the nonlinear gain which is the result of spectral hole burning
[52]. Although there is still an ongoing discussion on the mechanism behind the generation
of the gain grating, four-wave mixing is characterised by the generation of two new frequency
components equal to

Wdata,1 = 2wline — Wswitch (13)
and
Wdata,2 = 2wswitch — Wline- (14)

Figure 1.7 shows how four-wave mixing in a semiconductor optical amplifier is used to de-
multiplex a line signal. Strong optical switch pulses are co-propagating with the bits of the

channel channel
1 2 3 4 1 2 1 2 3 4 1 2 3 4

mn L

coupler

line signal, A1 SOA ?S —
) ' data signal, A3
optical filter
switch signal, Ao polarisation controller

Figure 1.7: Optical demultiplexing using four-wave mixing (FWM). Example shows demul-
tiplexing of channel 2 from four channels.

channel to be demultiplexed and induce FWM. At the output of the amplifier a new fre-
quency component appears that contains only those bits that interacted with the switching
pulses. An optical filter is used to discriminate the new signal from the switching and line
signals. The FWM efficiency lies in the order of 0.1% to 1% and strongly depends on the
frequency separation. The maximum difference in wavelength of the line signal and switch
signal for reasonably efficient FWM is only a few nanometres which makes discrimination
of the demultiplexed signal difficult.
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SOA nonlinearity based switches: Interferometer based switches

Instead of a nonlinear fibre a semiconductor optical amplifier can be implemented in the
Sagnac interferometer. Now it is the saturation of the gain that provides phase differences
for clockwise and counter clockwise travelling waves. There are two types of optical de-
multiplexers, the teraherz optical asymmetrical demultiplexer (TOAD) (Fig. 1.8 (a)) and the
semiconductor laser amplifier in a loop mirror (SLALOM) (Fig. 1.8 (b)). The TOAD will be
treated in detail in Chapter 2. When polarisation insensitive semiconductor optical amplifiers
are used, the demultiplexer will be nearly polarisation independent and suitable for imple-
mentation in a system. In addition, SOAs are broadband devices and will therefore allow
Gb/s wavelength independent demultiplexing. Due to the high gain of the amplifiers they can
perform as optical preamplifiers and optical switches in one configuration. If two amplifiers
are available then a Mach Zehnder interferometer based optical switch can be constructed
(Fig. 1.8 (c)) with the advantage that no optical filter is needed to separate the data signal
from the switch signal because the switch signal propagates in the opposite direction.

(a) (b)

—
switch signal, Ao

line signal, A1
line signal, A1 . : .

data signal, A1 . data signal, A1

switch signal, A2
line signal, A1 —> . — data signal, A1

50/50 coupler SOA1
(c) 50/50 coupler
SOA 2

switch signal, A2

Figure 1.8: Optical demultiplexers using gain saturation of semiconductor optical amplifiers.
(a) The teraherz asymmetrical optical demultiplexer (TOAD), (b) the semiconductor laser
amplifier in a loop mirror (SLALOM) and (c) a Mach Zehnder interferometer based optical
demultiplexer.

1.3 Nonlinear transmission and optical solitons

Nonlinear optical transmission occurs if the propagation properties of an optical pulse depend
on the optical power of that pulse. In the case of fibre optics it is the nonlinearity of the optical
fibre that can cause distortion of the data signal. In 1973 the idea arose that optical fibres
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could support solitons [5] similar to the way they were observed in a shallow boat-channel by
John Scott Russell in 1863. Under the right conditions (lossless fibre) chromatic dispersion in
optical fibres interacts with self-phase modulation (SPM), induced by an optical pulse strong
enough to excite the fibre nonlinearity.

Chromatic dispersion

Chromatic dispersion finds its origin in the wavelength dependence of the refractive index of
the optical fibre. Via the propagation parametér),

Blw) = nwlw =B + B1(w — wo) + %ﬁg(w —w)? + éﬁg(w —w)®+..., (15
with
b= |2 16)

dispersion acts on the phase of the spectral components of the optical field of a pulse in such

a way that rising and falling times of leading and trailing edges increasis.the inverse of

the group velocity, the speed with which the envelope of the optical signal travels. The group-

velocity dispersion (GVD) parametets, is related to the dispersion paramefeaccording

to

)\2
Bz = 27c

For standard single-mode fibres (SSMF) dispersirand D, becomes zero in the3 pm

window (the exact zero-dispersion wavelength depends on the doping profile of the fibre) at

wavelength\p. For wavelengthd < Ap the dispersion is negative. In this normal dispersion

regime higher frequency shifted components of the spectrum travel slower than the lower

frequency shifted spectral components. kar Ap the dispersion is positive. This regime is

referred to as the anomalous-dispersion regime where the higher frequency components of an

optical pulse travel faster than the lower frequencies in the spectrum. When the wavelength

of operation is close to the zero-dispersion pol, higher order dispersion coefficients like
B3 cannot be ignored [53].

1.7)

Fibre nonlinearity
In optical fibre the electric field induces nonlinear polarisatl®nof electric dipoles accord-
ing to

P=c(xV-E+x? :EE+ y®:EEE + ..), (1.8)

with ¢, the permittivity of vacuum and the electric field strengthy/) is the jth order
susceptibility tensor. For silicon oxide glasses the second-order susceptibility is zero while
the third-order susceptibility is responsible for the fibre nonlinear coefficient,

NaWo 3(4)0

= = Re(x?) 1.9
CAeff 8ncAeff e(XMM), ( )
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with ny the nonlinear index coefficienty, the optical frequency, the refractive indexg

the speed of light andl.;; the effective core area. It is this nonlinear coefficient that is
responsible for third-harmonic generation, four-wave mixing, nonlinear refraction, and self-
phase modulation (SPM). Strong optical pulses of waveleagtavelling in a fibre over a
distanceAz experience a nonlinear phase shift proportional to their power

2

éNL = nag— FAzlAz ) (1.10)

A(z, 1) is the normalised electric field with respect to the pour;, 7), according to
|A(z,7)|* = P(z,7). (1.11)

T is the reduced time. This phase shift causes the trailing edge of an intense optical pulse to
turn to the blue side of the optical spectrum while the leading edge turns more red. When
B2 < 0, the fibre is said to be anomalously dispersive, in this regime blue shifted spectral
components will travel faster than red shifted components. As a result the leading edge will
travel slower while the trailing edge travels faster. Therefore, the fibre nonlinearity will com-
press RZ pulses in the anomalous dispersion regime and stretch pulses in the normal disper-
sion regime where blue shifted components travel slower and red shifted spectral components
propagate faster. Figure 1.9 (a) displays a Gaussian pulse with a full-width half-maximum
time of one picosecond and a peak power of one milliwatt. It can be clearly seen that the
envelope experiences a time dependent frequency shift (chirp). Figure 1.9 (d) shows that the
leading edge has become more red and the trailing edge more blue. In combination with
anomalous dispersion pulse broadening is reduced [53].

Optical solitons

The equation of motion for the normalised optical field in optical fibre incorporating not only
loss and dispersion but also self-phase modulation can be expressed as

. 2
‘Z—f +ﬁ18a—f +%ﬁ2587f +%A:iy|A|2A (1.12)
which is well known as the Scbdinger equation witlx the loss of the optical fibrej; the
inverse group velocity and, the group-velocity dispersion (GVD) parameter. An analytical
solution for a lossless fibrex(= 0) was found by employing the inverse scattering theory
[54] and more recently by a method using a set of basis functions and an iterative scheme
to obtain the coefficients [55]. In a lossless medium= 0) the solution of Eq. 1.12 is
expressed as

A(z,7) = \/ngech< ) exp<i2|ﬂ2|>, (1.13)

-
To 278

with Py the peak power of the optical soliton,

P, = N2 (1.14)

27
YTy
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Figure 1.9: (a) Gaussian pulse envelobg) of the electric field (normalised), (b) power
distribution of the pulse, the peak power amounts to one milliwatt, (c) the induced self-phase
modulation ad = 1.3 um over a distance of one kilometne, is equal t3 - 10~2° m?/W,

Aepp = 20 un?, (d) chirp imposed on the envelope affer = 1 km

where the integel is the soliton number. The full-width half-maximum time;y grar, of
the soliton is proportional tay,

Tewam = 2log(1 + V2). (1.15)

Apparently solutions exist that do not change shape in an optical fibre. This means that the
fibre nonlinearity can be used to fully compensate dispersion. Special attention should be
paid to fibre losses as they will cause power levels to drop exponentially along the travelled
distance. Self-phase modulation decreases and a significant pulse broadening occurs after
a certain distance. By launching solitons with a higher energy into a fibre, additional pulse
compression will occur in the first few kilometres of the fibre because more self-phase mod-
ulation is experienced while at the last kilometres pulses broaden again due to insufficient
self-phase modulation. This kind of transmission is called path average soliton transmis-
sion. Extensive literature is available for a more detailed treatment on solitons and nonlinear
transmission e.g. [56] and included references.
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1.4 Objective and strategy

In Sec. 1.1 the development of 1u8n polarisation insensitive quantum well laser amplifiers
was touched upon. The research described in this thesis was carried out on the premises of
the manufacturer of these amplifiers, Uniphase Netherlands B.V., where these SOAs were
available. In this thesis the possibility of employing these amplifiers in OTDM long-haul
systems incorporating all-optical clock recovery, see Sec. 1.2, will be investigated.

In Chapter 2 a more detailed view on optical amplification is given. Several models of a
polarisation independent semiconductor amplifier are derived. These models are incorpor-
ated in a model for the TOAD based optical switch. The performance of this optical switch
is demonstrated with respect to amplifier model, amplifier parameters and parameters of the
coupler.

Chapter 3 describes key components and functional units like sources, receivers and a vari-
ety of other components that play an important role in experiments performed. Models are
provided that have been implemented in numerical simulation programs.

Chapter 4 deals with preliminary transmission experiments, numerically and experiment-
ally, to obtain more knowledge and experience on the behaviour of amplifiers configured as
in-line optical repeaters. This knowledge proves to be indispensable in #au&d/s ex-
periments. Al0 Gb/s transmission record is achieved both with and without in-line optical
repeaters. Chapter 5 describes a novel all-optical cross gain-switched tuneable ring laser that
provides jitter free pulses for B) Gb/s t02.5 Gb/s all-OTDM system. Extensive bit error

rate (BER) measurements have been performed. A ndvelb/s clock recovery is presen-

ted for40 Gb/s to10 Gb/s demultiplexing. Subsequently, the all-OTDM setup is used in a
record216 km transmission experiment. Finally the same configuration is demonstrated to
improve BER results of experiments conducted in Chapter 4. Chapter 6 discusses the im-
plications of the obtained results with respect to the literature. In Chapter 7 conclusions are
drawn and recommendations made with respect to the usability of polarisation insensitive
semiconductor optical amplifiers and all-optical demultiplexing and regeneration techniques
in 1.3 um MQW SOA based optical transmission systems.
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Chapter 2

Optical amplification and switching

2.1 Introduction

Since the maturation of the laser diode, the development of an optical amplifier evolved as a
major research topic to facilitate repeaterless transmission. In Section 2.2 fibre amplifiers are
treated because they are the major source of amplification in optical transmission systems.
In this section the erbium-doped fibre amplifier is treated followed by the praseodymium-
doped fluoride fibre amplifier and the Raman amplifier. In Sec. 2.3 optical amplification
by means of semiconductor optical amplifiers is treated in detail as this is of importance to
the further understanding of the work presented in this thesis. Three models are presented
for the special case of saturation by a Dirac delta pulse, a model that includes wavelength
dependent noise and a model that incorporates the physical length of the amplifier. Their
nonlinear response to high intensity optical pulses allows SOAs to be implemented in all-
optical switches such as the TOAD. Section 2.4 deals with the Sagnac interferometer which
is further used in Sec. 2.5 to model the operation of the TOAD. Analytical and numerical
simulations have been carried out to demonstrate the dependence of the performance of the
switch on a number of parameters.

2.2 Fibre amplifiers

2.2.1 Erbium-doped fibre amplifier

The invention of the erbium-doped fibre amplifier (EDFA) [1] was instrumental to the devel-
opment of WDM systems which use amplitude shift keying and direct detection techniques.
The latter being favourite for the ease of implementation. The main features and principles
of operation are touched upon. In a later stadium, a comparison between semiconductor op-
tical amplification and fibre amplification is used to explain the difference in performance
between fibre amplifier and SOA based systems. Figure 2.1 shows an EDFA and what kind
of components are used. Figure 2.2 (a) displays the energy level diagram of an erbium-doped
fibre. The wavelength of the pump laser can range fsdmnm to 1.48 ym. At 1.48 um

the lowest metastable state is pumped. Pumpifg@nm requires excited electrons to first
experience d us non-radiative decay to the metastable state before they recombine in the
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Erbium doped fibre

isolator 1 O isolator 2
WDM 1 WDM 2
current &
AN I.T | temperature
J 1
control
pump laser

Figure 2.1: Configuration of an erbium-doped fibre amplifier (EDFA). Counter propagated
pumping reduces the polarisation sensitivity. Isolators are used to prevent parasitic reflection
from re-entering the erbium-doped fibre and amplified spontaneous emission from entering
preceding amplifiers. The typical length of the erbium-doped fibié) ito 20 m. A pump

laser delivers the required pump powgs{ mW at980 nm).

amplifying process. A980 nm the pump efficiency reaches a maximum gain efficiency. The
gain spectrum is centred arouihd3 pm and has a bandwidth of abold nm. The shape

of the gain spectrum depends strongly on the type of co-doping with other rare-earth atoms.
Amplifiers with a flat gain region o 30 nm have been realised. The life time of excited
electrons in the metastable state is alitfuins and decreases to values arodids when

the amplifier is driven into saturation. When full inversion occurs, optical gains as high as
50 dB can be achieved. The saturation output power can reach valued 6B (at3 dB

gain compression). Noise figures betwdesmd5 dB are common and close to the quantum
limit of 3 dB for high gain optical amplifiers [2]. When EDFAs are employed in high bit rate
communication systems the large carrier life time of EDFAs practically eliminates the pattern
effects. This makes the EDFA a well suited candidate {66 pm in-line amplification. ED-

FAs configured as a power booster allow excitation of, for example, fibre nonlinearities and
can create the right environment for soliton transmission in both SSMF and DSF. At present
much effort is put into broadening and equalising the gain spectrum [3]. Extension towards
1610 nm has already been achieved.

2.2.2 Praseodymium-doped fluoride fibre amplifier

Not only the third telecommunication window.} xm window) is of interest for high speed
fibre-amplified communication systems, th8 pm window is of particular importance be-
cause, for SSMF, the zero dispersion wavelength lies in this window. When fluoride SiO
glass is doped with praseodymium and optically excited with a pump ladéd atnm, op-

tical gain is observed dt31 pm, according to the energy level diagram of Fig. 2.2 (b) The
small signal gain can read dB with a3 dB saturation output power @8 dBm. The carrier
lifetime lies in the order 0100 us and can cause pattern effects for high intensity signals even
at high bit rates. The quantum efficiency4tf % is smaller than the efficiency of the EDFA
(80 %) . Therefore higher pump powers are required. The configuration of PDFAs is similar
to the EDFA geometry in Figure 2.1 [3].
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Figure 2.2: Energy levels of an erbium-dopesR0 nm pumped, fibre (a) and a
praseodymium-doped fluoride fibre (b). The dashed arrows stand for non-radiative decays

2.2.3 Raman amplifier

Both erbium-doped and praseodymium-doped fibre amplifiers rely on doping of a single-
mode fibre to achieve stimulated emission, i.e. gain. This doping is critical as it determines
the parameters and behaviour of the amplifier. Raman amplifiers do not require these rare-
earth doped fibres. When a standard single-mode fibre is excited by a strong pump signal at
1.24 uym Raman scattering induces gain through molecular vibrations in glds81latim.

This gain can be used to compensateitdedB/km fibre loss, thus making the fibre optically
transparent. For the third telecommunication window a pumipta® nm will give Raman
induced gain ati.55 um. The main advantage of Raman amplifiers is that only a pump
signal is needed. In addition, Raman induced gain is fast (femto second response time) and
determined by the pump. Generally Raman amplifiers do not impose pattern effects on high
speed optical signals due to the ultra fast lifetime in-Silb excite Raman gain high pump
levels around one Watt are required. Raleigh scattering and Brillouin coupling between signal
and pump is found to limit the maximum pump level and thereby the gain. [4], [5], [6]

2.3 Semiconductor optical amplifier

Ever since the advent of the semiconductor laser diode, semiconductor optical amplifiers
have been of interest as a means to provide optical gain. One of the main advantages of
semiconductor optical amplifiers is that no long fibre is needed as a gain medium but a short
piece of semiconductor material. All fibore amplifiers require optical pumping and in the
case of an EDFA or a PDFA a pump laser diode is needed. SOAs however, do not require
an optical pump (laser diode) because they are electrically pumped with a low cdrrent
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500 mA. Employing semiconductor optical amplifiers will therefore reduce the complexity
of an optical amplifier module. Today different types of SOAs have been developed. In this
thesis polarisation insensitive multiple quantum well laser diode amplifiers have been used.
Figure 2.3 displays the structure of the polarisation insensitive laser amplifier. The tensile
strained quantum wells provide mainly TM gain and the compressive strained quantum wells
provide mainly TE gain. By balancing the ratio of both layers it has been demonstrated that
polarisation insensitive gain can be obtained [7]. In this section three models with increasing
complexity are described. All models describe a polarisation insensitive amplifier. TE and
TM modes are considered to experience the same propagation constant and the gains and
saturation output powers are equal for TE and TM amplification. This assumption is not
entirely true because in practice small differences dfdB exist between TE and TM gains.
Generally, in cascaded amplifier experiments, with more than four in-line amplifiers, this
polarisation sensitivity is averaged out.

§ p-InP
D A=1050 nm InGaAsP

. InGaAsP 1% compressive strain

D InGaAsP 1% tensile strain

7
2

n-InP

Figure 2.3: Structure of the polarisation insensitive multiple quantum well laser amplifier

2.3.1 Spatially-concentrated uni-directional noise-less
saturable optical amplifier

In this section rate equations, applicable to a semiconductor optical amplifier excited by a
single-wavelength optical signal which travels in the positive direction, are deduced in ac-
cordance with Agrawal and Olsson, [8]. The evolution of a travelling wave in a gain medium

is governed by

0z v, Ot

5D | LD _ L jay)g() - aa(z. ), @D

wherea(z, t) is the slowly varying envelope of

A(z,t) = a(z,t) exp[j(wot — koz)]. (2.2)
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The optical field A(z, t), is normalised in such a way that the temporal power of the travelling
wave is given by

P(Z,t) :A(z,t)-A*(z,t):a(z,t)-a*(z,t), (2.3)

where the asterisk denotes complex conjugation. The internal losses are denatethiey
gain by g(N) which depends on carrier density(z,t), Henry’s linewidth enhancement
factor is denoted byvy andwv, is the group velocity. This model includes neither optical
dispersion nor gain dispersion. It must be noted thatvg, oy andg(N) are wavelength
dependent. The gain is assumed to depend linearly on the carrier d¥1sity), i.e.,

dg(N)
ON

g(N)=T (N (z,t) = No), (2.4)

where% is the gain coefficient’ is the confinement factor and accounts for the spread
of the optical mode outside the active region of the amplifier Apds the carrier density at
transparency. The carrier density is determined by the rate equation:

ON(z,t) _ J(z,t) N(z,1) g(N)|A(z,t)|?
o q . hwo ’ (2.5)

wherer, is the carrier lifetime,JJ(z,t) is the injected current density, is the elementary
charge unitfwy is the energy of a single photon. The small signal stationary gdin t) is
defined as, [8],

69(]\7)(.](2,75)7C
ON q

go(Z,t) = F — No) (26)

During amplification of optical signals carriers recombine which leads to a reduction of gain.
This process is called saturation. The saturation energy has been determined by Yamamoto
et al.[9] to be

2.7)

wheres = V/I'L is the cross-section area of the optical mode, Witlthe volume of the
active layer.L is the length of the amplifier. This saturation energy should be interpreted as
the amount of energy of all amplified photons when the optical gain is reduced to half of the
small signal gain. After substitution of Egs. 2.6 and 2.7 into Eg. 2.5 the gain can be derived
from the differential equation

6g(zat) _ go —g(z,t) _ g(Z,t)|A(Z,t)|2
ot T B (2.8)

Substitution ofg(z, t) into Eq. 2.1 results in

aaézz, B, %aaézt, t) _ %[(1 —jam)g(z,b) — adalz,t). (2.9)
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Equations 2.8 and 2.9 describe the amplification of an optical signal in a bulk SOA [8]. This
model includes both saturation and saturation induced phase shifts. The dispersion, which a
signal, travelling in the amplifier, experiences is neglected because the single-mode amplifiers
used in practice have a length not greater tB@oum.
Now a window is defined that moves along with the input signal at the same velocity. This
window requires a new reduced time variablérom the transformation i.e. the frame of
reference is changed to

r=t— 2 (2.10)

Vg

Substitution in Egs. 2.8 and 2.9 gives a new set of equations

8g(sz) — go —g(Z,T) _ g(ZvT)|A(ZvT)|2

or Te Egot (211)
and
&ngz, 7) = %[(1 —jam)g(z,7) — ala(z, 7). (2.12)

Eq. 2.12 can now be integrated over the length of the amplifier to transform into an equation
between the input and output signal.

out(7) = ain (7) exp(5[1 ~ o] h(7), (2.13)

whereh(7) is the gain integrated over the amplifier lengthis omitted because the amplifier
losses are small compared to the optical gain. The differential equation of the(gair) is
transformed to
dh(r) _ ho —h(r) |ain (7)]?
dr Te Esat

(exp(h(7)) — 1), (2.14)

with hg being the integrated small signal (unsaturated) gain. In general Egs. 2.13 and 2.14 can
not be solved analytically. Euler’s forward integration scheme creates the following iterative
equations, suitable for numerical evaluation.
ho — h" |a’-‘ |2
. _

for the gain and for the envelope, Eq. 2.13,

g = apt! exp(%[l — jaglh"h), (2.16)
with At the time discretisation step size. Egs. 2.15 and 2.16 provide the means to numerically
evaluate the amplification of an arbitrary signal in one direction in the absence of noise.
Because the z-dependence of this system is eliminated, evaluation of Euler’s forward system
is fast and stable which makes this model suitable for quick estimations of uncomplicated
amplification processes.
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2.3.2 A spatially-concentrated uni-directional noisy
saturable optical amplifier

In this section the model of Sec. 2.3.1 is expanded to a model that can deal with signals of
different wavelength and that is affected by amplified spontaneous emission (ASE). ASE is
a broadband noise source that combines with the wavelength dependent optical gain. When
SOAs are cascaded this ASE will saturate successive SOAs. This saturation is wavelength de-
pendent because the gain, saturation output power and the input ASE spectrum are wavelength
dependent. A model of the ASE should therefore discretise the ASE spectrum in the optical
wavelength domain. Changing to a multiple wavelength model means that most paramet-
ers become wavelength dependent. Difficulties arise with respect to the distribution of the
carrier concentration. The model in Sec. 2.3.1 assumes that every carrier that is pumped
into the conduction band contributes to the amplification of the input signal. When multiple
quantum well (MQW) SOAs are considered, with tensile strained and compressively strained
wells, this is not the case because the carrier distribution in the inverted band(s) results in a
multi-level system where multiple transitions occur [7]. In order to determine this gain spec-
trum, administration of all activities on the different energy bands is required. In the case
of a MQW SOA this is a complex issue as precise knowledge of the geometry and doping
levels of the quantum wells is neither present nor easily obtained. It is for this reason that a
phenomenological model is developed based on the theory presented in Sec. 2.3.1.

The introduction of wavelength dependence of the gain results in a propagation equation for
an optical signal with wavelength

Oa(z,t,\) . 1 Qda(z,t,\) 1

0z vy(\) Ot = 5(1 —jag(N)g(z,t, Na(z,t,\) —

%al(/\)a(z,t,)\). (2.17)

The introduction of wavelength dependent gain has consequences for the group velocity, the
internal amplifier loss and the linewidth enhancement factor. Generally, they will also change
with wavelength. Due to the wavelength dependence of the group velocity, signals at different
wavelengths will propagate with different velocities and “walk-off” will occur. In this model

the frequency spacing of different input signals will be too small to cause significant walk-off
during the propagation in short (length less thanm) SOAs. For the remainder of this thesis

the group velocity is considered a constant. In this model the wavelength dependence of the
gain is assumed to be larger than the dependence of the amplifier losses on the wavelength.
The amplifier loss is assumed to be wavelength independent. For the ease of implementation
the line width enhancement factor is treated as a constant. As mentioned before the amplifier
produces not only noise but also amplifies input noise. Similar to a normal optical input
signal the amplification of spontaneous emission is expressed as

OSuse(z:1:)) | 1 8Suae(zt))  _ _
8,2 + ’Ug 8t - [g(Z,t,A) al]sase(z,t,A) +

¢ NF
whereh is Planck’s constant any F' is the noise figureS,,. is the noise power at time
and place: in interval A + A\. The first term on the right side accounts for the amplification
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and propagation of the ASE. The second term represents ASE added by the amplifier and can
be derived from the spectral density of the spontaneous emission,
2

W - Sase - hﬁ% (Z,t,A), (219)
[10]. The noise figurelV F', is divided by two because spontaneous emission acts equally into
the positive and negative z-directions. In the case of Eq. 2.18 only powers are considered.
The phase of the noise is random and is not incorporated. The wavelength dependent rate
equation for the gain becomes

ag(z,taA) _ g(Z,taA)_g()(A) _

ot Te

lacz, t, N> + [7° A [Sase (2,8, X)]dN
Psat(A)Tc ’

All rate equations depend on the distance, time and wavelength. For fast computation it is

desirable to normalise the equation with respect tBy following the same procedure as in

Sec. 2.3.1 the following set of equations is obtained. The amplification of the input signal is
governed by

g(z,t,A) (2.20)

Goue(7,X) = exp(3 (1 — i) h(r, Nain(7, ), (2:21)
and the amplification and addition of ASE by
2 NF
Sase,out (T, A) = exp(h(7, X)) Sase,in (T, A) + hFT exp(h(r, A)), (2.22)

The ASE,S,.s. (7, A), is additive to the signak(7). The amplifier is saturated by both ASE

and optical signals. Via saturation induced cross-gain modulation the ASE and the optical
signals interact with each other. This interaction can be modelled via the carrier density rate
equation but is here incorporated in the rate equation of the integrated gain.

Oh(t,X\)  Rh(1,A) —ho(N)
PnY - MA-RB)
Jacm M + fEmtmase LAWY exphr, ) - 1. (2.23)

The second term on the right side of Eq. 2.23 contains the reduction of the gain due to both
the signal and ASE. The ASE spectrufin.. (7, A) is integrated over the entire wavelength
domain. Lower wavelengths (high photon energies) saturate the amplifier more because they
consume relatively more carriers when amplified. This has been taken into account by the
factor%’ and the wavelength dependence®yf;. The internal amplifier losses are neglected
because the optical gain usually exceeds these losses by an order of magnitude. For numer-
ical evaluation the scheme from Sec. 2.3.1 is employed. The integration in the wavelength
domain is evaluated using a first order integration scheme. The following iterative formulas
are obtained and implemented in a computer subroutine to compute the amplification of the

ASE spectrum numerically:

h? - hn |a’n|2 + E] =0 )\ ase,]
Te Esat,z

Rt = A7 (exp(h}") — 1)] + A, (2.24)
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2NF
PR = PUEL (i +hc——exp(h?+1)A/\ (2.25)

ase,out,i ase,in,i )\3 2

P, is the total ASE power in the barjdl; — 82, \; + 82].

2.3.3 A non-zero length bi-directional noisy
saturable optical amplifier

Up to this point only unidirectional amplifiers have been considered. For many applications
bi-directional amplifiers are of importance. Optical time-domain demultiplexers are often
based on SOAs where signals enter from both directions. In the following treatment the
performance of an optical time-domain demultiplexer is investigated by considering the shape
of the switching window. For example, if the bit rate at which a demultiplexer is designed to
operate ist0 Gb/s, then the pulse width of the switch signal - the switch signal is the signal
used to control the demultiplexer - lies in the orderldb 10 ps. This time is of the same
order as the propagation delay in &0 pm SOA. This is the reason that length dependent
saturation of the amplifier has to be taken into account. When bit error rate (BER) simulations
are performed noise generated by the SOAs needs also to be taken into account. In Sec. 2.3.2
a model has been developed that models the ASE amplification and generation by a SOA.
In practice, the input signals to a demultiplexer have been filtered i.e. there is no wide band
noise present, only in-band noise. At the output of the demultiplexer a filter is placed to filter
the ASE generated by the SOA. As a result only the ASE in the spectrum of the demultiplexed
signal is of importance for BER measurements and simulations. The propagation of the bi-
directional finite-length noisy amplifier, as given by the following equations:

Pty SO L= danOn) (oGt A ) -
%a,(xn)a;(z,t) (2.26)
and
Pl sttt L= o) (ot den () —
%al(z\n)a; (z,1) (2.27)

respectively, describe propagation in the positive and negative directions. The propagation of
the noise spectrum follows Egs. 2.26 and 2.27:

0SE.(z,t,N) 1 0Sf.(2,t\) N
0z + vg()\) ot - [9(2, t, >‘) - al(A)]Sase (Z, t, /\) +
¢ NF
¥ g 956N (2.28)
and
OSme(z:t,)) 1 055.(2,t,0) - B
0z ’Ug(>\) ot - [g(z’t’A) al(A)]Sase (Z,tak) +
2
Sas\LI ) (2.29)

A2
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respectively, for signals travelling in the positive and negative directions. The@ain \)
is equivalent to

69(2,15,)\) g(zat,A)_gO(A) Q(Z,t,A)

ST - "g(ZJ’A)Xii;IXE{’ (2.30)
with Q(z,t, \) the total power of the signals and ASE.
Q(z,t,)) = (laT(z,t, V> +|a™ (2, t,\)|*) +
/0 h %1[52;6(2', £N) + S (2 £, NN (2.31)

Equations 2.26-2.31 do not account for spatial hole burning. Spatial hole burning is caused
by beating of two waves which results in increased local saturation. Via the relation between
the refractive index and carrier concentration a reflective grating is formed. Carrier diffusion
is assumed to reduce the formation of reflective grating patterns that result from interfering
positive and negative directed signals. Numerical evaluation of the schemes treated in the
previous sections turns out to be very stable because the gain is integrated analytically instead
of by a discrete algorithm where errors are accumulated. In the case of the bi-directional
finite-length amplifier the amplifier is divided into a number of sections and each section is
treated as a bi-directional zero-length amplifier where the signals experience a delay of

Az
Vg

At (2.32)

upon travelling through one section. Figure 2.4 depicts such an amplifier of |érdjttided
into N sections.

L
Az=L/N
1 2 i-1 i i+1 N-1 N
+ +.k +k +
anin 1T &niin— ™ ™ @njiout —T @n,out
+ _ +k _| k +k _ +
Sm,in ™ Sm,i,in ™ hn,i ™S m,i,out ™ Sm,out
- -k N | -k l_a .
an out an,i,mft_ hm,i ] Aniin ] n,in
St spkoas S “Sh;
m,out m,i,out m,i,in m,in
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Figure 2.4: Long ampilifiers are split up into spatially concentrated sub-amplifiers where gain
and saturation are uniform in each section.

In the case of thd0 Gh/s example, signals with pulses as narrov2.asps require a time
discretisation better thant = 0.25 ps. For @27 — 1 pseudo random bit sequence (PRBS)
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this amounts to an array a2700 data points for each section and each input or output. A

1 mm long amplifier withv, = 1 - 10® m/s is divided inta®25 sections each having at least

two input arrays and two output arrays 700 data points. This requires aboi2 MB

of memory. When the ASE spectrum is modeled with a minimum of 10 intervals a total
memory of more than 320 MB is needed which is not very realistic. The ASE spectrum can
be modeled with a single wavelength interval under the assumption that the noise figure is
wavelength independent. The noise figure of an SOA can be determined by measuring the
noise power after a filter with bandwidifi; located at\ = A;. The noise figure can be
calculated according to

3
NFy = 22270 2 (2.33)

whereP,;.. ¢ is the measured ASE power after the filtgf,is the total gain of the amplifier.

The noise figure can also be determined by measuring the total noise power at the output of
the SOA with an imaginary filter located at the peak gain wavelength and a bandwidth equal
to the optical bandwidth of the amplifier. Again the noise figure is determined to be

Pase p>\3 2
NF,=—"2P7 _~_ 2.34
P gyBsoa ch (2.34)
with P, , the ASE output power of the SOA\, the wavelength where the gaip is
maximal andBgo 4 the optical bandwidth of the SOA. Under the assumption #al =
NFpq.1. €.9. the noise figure is wavelength independent, the amount of ASE power that is
present af\,;, within a bandB,;, can be estimated to be

Az gsig Bsig

Ay 9p Bsoa

Pase,sig = Pase,p (235)

From Eq. 2.35 the ASE in the signal band can be determined if the gain of the signal is known,
which is not difficult as the input and output signals are both available. In addition the peak
gain should be recorded as well as the total amount of ASE power in both directions. At this
point a phenomenological model is available that can be used to estimate bit error rates in
systems incorporating bi-directional finite length noisy amplifiers. The model is valid if no
broad-band ASE is present at the input of the SOA because it can shift and distort the ASE
spectrum to an extend where it is impossible to determine for exakpplEhe expected total
amount of computer memory needed will be witGihMB.

2.3.4 Parameters of the multiple quantum-well SOA

In Sec. 2.3.1, 2.3.2 and 2.3.3 three different phenomenological models for a SOA have been

described. In order to use these models the wavelength dependence of the gain and the
saturation output power must be determined. Furthermore, noise figure, length, internal loss

and the linewidth enhancement factor must be known. In addition there are temperature

dependencies and differences for TE and TM polarised light. In this section these parameters
are discussed for thie3 um polarisation-insensitive multiple quantum well SOA as depicted

in Fig. 2.3.
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(a) fibre to fibre gain (1I=400mA) (b) 3 dB saturation fibre output power (I=400mA)
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Figure 2.5: (a) The wavelength dependence of the gain is assumed Gaussian shaped and fits
the measured data (dots) well. The peak gain amou&d® at1314 nm with a3 dB band-

width of 68 nm. (b) The saturation output power varies exponentially with the wavelength.

At 1314 nm the3 dB saturated output power 7527 dB and the slope i6.6 dB / 100 nm

(c) The gain as a function of the electrical pump current. Currents abo28@h@A do not

provide more gain. (d) The saturation output power increases for currents H@bomA.

High saturation output power coincides with a high gain. (Values are measured from fibre to
fibre).

Optical gain

The optical gain depends not only on the amount of pumping (amplifier current) but also
on the wavelength, input power and temperature. Figure 2.5 displays the dependence on
wavelength for measured and fitted data. For MQW SOAs the wavelength dependence fits
the Gaussian profile,

A— Apeak

Go(X) = Gpear exp[—41n 2( Auan

)], (2.36)
whereA,..i; is the peak wavelengthiAs;p is the 3 dB full-width optical bandwidth an
Ghpear 1S the peak gain of the devicéiy()) is the total fibre to fibre small signal gain of the
amplifier. In situations of arbitrary wavelength the sym&obill be used instead aff (),
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for convenience. For each current and temperature these parameters can be measured and fed
into the amplifier model. The effect of saturation of the amplifier can be investigated by using
one of the models described in Sec. 2.3.1, 2.3.2 and 2.3.3.[11]

Saturation output power

The 3 dB saturation output power is measured as a function of wavelength and plotted on a
logarithmic scale. A linear function describes the wavelength dependence well (Fig. 2.5). If
PsiBsat,peak,an 1S the 3 dB saturation output power at the peak wavelength, measured in dB
andCsgpsat,siope 1S the slope of the linear function then tBeB saturation output power at

A is approximated as

Psipsat,a(A) = Pp3aBsat,aB + Cp,3aBsat - (A — Ap). (2.37)

When the amplifier current decreases the saturation output power decreases. Increasing tem-
perature results in a decrease of optical gain and an increase of saturation output power if the
reduction of gain is compensated for by applying more bias current. If the loss of gain is not
compensated (the SOA current remains unchanged, no additional carriers are pumped into
the active layer of the SOA), the saturation output power remains unchanged. It is therefore
not possible to decrease the amplifier gain and to increase the saturation output power by con-
trolling either current or temperature of the SOA [11]. If the gain is reduced by decreasing the
current, the saturation ouput power will inevitably be pared down. For each amplifier current
and temperature this curve can be found by determinatid®, 8figsat,p,aB8: Cp,3d4Bsqt @Nd

Ap-

Carrier lifetime

The carrier lifetimer,. is the time an electron remains in the conduction band before it re-
combines with a hole in the valence band and is determined by the semiconductor material.
In the case of the multiple quantum well SOAaof 200 ps is a good estimation [7].

Internal losses

An estimation of the internal losses can be found by fitting the slope of the amplifier insertion
loss versus amplifier length curve. A typical value for the amplifier lossegis 11.5 cm~!
[12]. In practical situationg; is neglected with respect to the gain.

Amplifier length
The length of the amplifiers that are used in experiments and in simulations lies between
50 pm and1200 pm, corresponding respectively to a low and a high gain SOA.

Noise figure

Polarisation resolved noise figure measurements have been carried out on the same type of
optical amplifier that was implemented in the optical demultiplexer [13]. For high gain amp-
lifiers the noise figure is at lea3tiB. Additional coupling loss at the inputis added. This loss

is estimated to lie between 1.5 dB for a very good couplingad@& for average coupling.
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The amplifiers used have typical noise factors (fibre to fibre) betweedB and8.0 dB.

When the input signal rises above -23 dBm the noise figure becomes insensitive to the input
power [12]. This is important because the model of Sec. 2.3.3 requires both a wavelength
independent noise figure and a saturation independent noise figure.

Linewidth enhancement factor

The linewidth enhancement factor (or Henry's alphg,) has been investigated for the same
type of optical amplifier that will be used in the experiments described in this thesis [14].
When an amplifier is saturated beyond the 1 dB gain compression pgirdpes not change
significantly once the current increases bey@atl mA for an 800 pm amplifier. Values
betweernvy = 2 anday = 8 are considered reasonable given the data presented in refer-
ences [14] and [15].

2.4 Sagnac interferometer

In Section 1.2.3 several optical switches based on optical interferometry were shown. In
this section the Sagnac interferometer is treated because it forms the backbone of the MQW
SOA based teraherz optical asymmetrical demultiplexer (TOAD). Figure 2.6 shows a fibre
based Sagnac interferometer. The configuration consists of a fibre coupler of which on one
side the fibres are connected to form a loop. A polarisation controller is inserted when non-
polarisation maintaining fibre is used. Two important issues are touched upon, the polar-
isation rotation in the optical fibres and cross talk that takes place in the non-ideal coupler.

Ab,out

Figure 2.6: Geometry of an all-fibre Sagnac interferométerQ andF, are the polarisation
transformation matrixes of fibre-1, the polarisation controller and fibre-2, respectiyalgd
€9 are the power coupling ratios for “bar” and “cross” couplipg.andyp- describe the phase
that a signal experiences for the “bar” and “cross” coupling.
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Polarisation rotation in the Sagnac interferometer

Signals that travel the loop in the clockwise or counter clockwise direction will first experi-
ence a change in polarisation by a length of fibre connecting the coupler with the polarisation
controller, after which a polarisation controller changes the state of polarisation. A third
change occurs in the fibre connecting the polarisation controller with the other port of the
coupler. The state of polarisation of an optical signal can be represented by a column matrix

Bw,in
By = {By’m] . (2.38)

Generally, a change in state of polarisation is described by the Jones polarisation transform-
ation matrix, [16],

[ VEexp(—ig) VI zexp(—i6)
Q= [j\/l — eexp(jf) Veexp(jo) ’ (2:39)

e, ¢ and@ provide full control over the polarisation rotating properties of Hermitian matrix
Q. WhenB;, is incident on a polarisation changing device the ouldf; becomes

Bou = Qan (240)

Inthe loop of the Sagnac interferometer of Fig. 2.6 the clockwise travelling signal experiences
a polarisation transformation equal to

Bcw,out = FZQFchw,ina (241)

whereF; andF are the polarisation transformation matrixes of the first and second section
of fibre, before and after the polarisation controller, respectively. The counter clockwise
travelling signal experiences a polarisation rotation,

1 1
Bccw,outzl:)Fik Q* F; 1P]?’ccw,in: (242)

where the superscrip{s) and(—1) describe complex conjugation and inversion. MaRix
reverses the y-axis:

P=1g 1

L0 ] (2.43)

The polarisation transformation matrixes, iB; andF., can be represented according to
Eq. 2.39. Eq. 2.42 is rewritten as

Bccw,out = PF{QTFgPBccw,in - P(FQQFl)TPBccw,ina (244)

where the superscrigf’) indicates a transposition [16]. If the coupler does not change the
state of polarisation of the input signals ;,, and A, ;, and the coupling parameters, -,

1 andyps are the same for TE polarised light and TM polarised light the clockwise change
of polarisation must be equal to the change of state of polarisation experienced by the counter
clockwise travelling signal i.e.

F,QF,=PF;Q"F!P. (2.45)
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This equation is solved for
Q= F;lFfl. (2.46)

This solution shows that the function of the polarisation controller is to compensate for
the different polarisation rotation in the fibre loop for the clockwise and counter clockwise
propagating signals. In the remainder of this thesis the polarisation controller is set to com-
pensate for the change of polarisation in the fibre and coupler. As a result the Sagnac inter-
ferometer is assumed to be polarisation independent.

Non-ideal fibre couplers

Equally important is the behaviour of the coupler. The coupler in Fig. 2.6 is characterised
by four parameterse; ande, are the power ratios for “bar” coupling and “cross” coup-

ling, respectively.yp; andyp, are the respective phases the signal experiences for “bar” and
“cross” coupling. These four parameters are used to describe the coupling process regardless
of which port(s) is(are) excited. In the case of a lossless couplef €2 = 1), the phase
difference of the signals at the output ports is 90 degreespi.e. 1 = 90°. If 1 + 63 < 1

a deviation in phases, — ¢1) from the theoretical value df0° can occur. Due to losses

and reflections in non ideal couplers, power is lost or transferred to the other ports without
experiencing the theoretic@l° phase shift because in the case of reflections, excitation of
symmetric and asymmetric modes (which is responsible fo9tliephase shift) does not
apply. In multimode interference couplers (MMIs) non ideal coupling occurs when, for ex-
ample, there is a mismatch between the position of the output waveguide and the place where
an interferometric maximum exists. In theoretical models of fusion-spliced fibre couplers the
source of non ideal coupling is portrayed by inhomogeneous and complex dielectric constants
that act on the complex coupling coefficients in coupled differential equations that describe
the propagation of the optical fields travelling in the coupler [17].

The clockwise and counter clockwise travelling input signals of the fibre loop can be ex-
pressed as

Bcw,in = \/aexp(j(;ol) : Af,in + \/59Xp(j§02) ' Ab,ina
Bccw,in = \/aexp(j%) . Ab,in + \/59Xp(j<,02) . Af,ina (247)

where Ay ;,, is the input signal in the forward direction antj ;,, the input signal in the
backward direction. BotlB.,, and B,.,, travel through the same fibre and therefore both
signals experience the same phase. After a timg the signals leave the loop as

Bcw,out = exp(jWTloop)'Bcw,in:

Bccw,out - exp(jWTloop) . Bccw,in; (248)

for the clockwise and counter clockwise signal. At the ports of the Sagnac interferometer

Af,out = \/aexp(]gol) : Bcw,out + \/aexp(]@2) ° Bccw,out;
Ab,out = \/aexp(j(;ol) . Bccw,out + \/gexp(jSOQ) . Bcw,out (249)
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appearAy ,; andA; ¢ are the output signal travelling in the forward and backward direc-
tion. Substitution of Egs. 2.47-2.49 results in a relation between the input and output signals.

Afour = [e1exp(j2¢1) +e2exp(j2¢p2)] - Afin +
2\/z182 exp(j(p1 + 92)) * Apin,
Apout = [e1exp(j2p1) + e2exp(j2¢2)] - Ap,in +
2\/e1e2exp(j(p1 + ¥2)) - Afin, (2.50)

where the factoexp(jwi.0p) has been omitted because it imposes the same phase on both
signals and is therefore not of interest.
The Sagnac interferometer acts as a mirror when the condition

e1exp(j2¢p1) + e2exp(j2¢p2) =0 (2.51)

is fulfilled. This equation implies that only when = 5 andys — ¢1 = 90° total reflection
occurs.

There is however a special case whgre,. In the relation betweer ., and Ay ;,, in

Egs. 2.50 the term, exp(j2¢; ) is due to the clockwise travelling signal angexp(j2p2) is

due to the counter clockwise travelling signal. The clockwise travelling signal can experience
a change of state of polarisation described by matrix

[ vEexp(—j@) VI cexp(—j6)
Sew = [jx/l —eexp(jf)  VEexp(jg) ] ’ (252

Whereas the counter clockwise travelling signal experiences a polarisation transformation
described by matrix

Seew = PSZwP — |: \/Eexp(_j¢) JV1—eexp(jO) (2.53)

JvV1—cexp(—jo)  Veexp(jo)
For one specific state of polarisation rotatien= 0 and¢ = 0) an additional phase differ-
ence can be imposed @n andy- so that full reflection occurs. In this case light polarised
along the x-axis is converted to light polarised along the y-axis and experiences a phase shift
of jexp(—j0) andj exp(j0) for respective the clockwise and counter clockwise travelling
signals. By the same token, light polarised along the y-axis is converted to light polarised
along the x-axis and experiences a phase shijfeab(j0) andj exp(—;6) for the clockwise
and counter clockwise travelling signals. This implies that light polarised along the x-axis,
(y-axis), experiences an improved reflectivity and light polarised along the y-axis, (x-axis),
experiences a reduced reflectivity. Consequently, the Sagnac interferometer has become po-
larisation sensitive. The above can be observed experimentally. The configuration depicted
in Fig. 2.6 has been built and extended with a polarisation controller at the input. The po-
larisation controllers are composed of a half-wave plate and a quarter-wave plate that can
be rotated to change the state of polarisation of the light. Both wheels have a scaled read
out ranging from)° to 360°. The input signal is & mW, 1310 nm continuous wave signal
generated by a DFB laser diode. First, the output signal is minimised and the settings of both
polarisation controllers are recorded. Secondly, the input polarisation controller is adjusted
such that the output is maximised. Any difference between these measured values indicates
a polarisation sensitivity of the Sagnac interferometer. Now a setting for the polarisation
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Table 2.1: Polarisation controller settings and Sagnac output powers for four couplers. The
first two lines contain the minimum and maximum output powers which are obtained by
changing the input polarisation. The third and fourth lines show the output powers when the
polarisation controller in the loop is adjust such that variations in output power are as small
as possible.

FBT 118 LI 1300nm FBT 122 LI 1300nm
Pol. Ctrl. 1 Pol. Ctrl. 2 P, Pol. Ctrl. 1 Pol. Ctrl. 2 P,
HWP QWP | HWP QWP | [uW] HWP QWP | HWP QWP | [uW]

138° 3° 289°  352° | 0.21 350°  70° 55°  200° | 0.240
120°  245° | 289° 352° | 17.9 36° 328° | 55°  200° | 14.20

244°  342° | 320°  240° 8.4 205° 64° 141° 164° | 3.980
196°  330° | 320°  240° 9.2 320° 90° 141°  164° | 4.040
FBT 124 LI 1300nm commercial device 201249

Pol. Ctrl. 1 Pol. Ctrl. 2 P, Pol. Ctrl. 1 Pol. Ctrl. 2 P,

HWP QWP | HWP QWP | [ulV] HWP QWP | HWP QWP | [uW]
219°  182° | 211°  325° | 0.098 130°  245° 20° 75° | 0.110

297° 117° | 211°  325° | 0.450 84° 330° 20° 75° 2.01
62° 68° 91° 72° | 0.206 Sagnac interferometer

139  254° | 91° 72° | 0.218 remains polarisation sensitive

controller in the loop is searched such that, when the state of polarisation of the input signal
is changed, minimum variations in output power are observed. Again, the readouts of the
polarisation controllers are recorded. Table 2.1 gives an overview of the measured positions
of the two polarisation controllers for four different couplers. The three couplers, FBT 118
LI, FBT 122 LI and FBT 124 LI are couplers made by Philips Research Laboratories. The
fourth coupler is commercially available from a different company. From Table 2.1 it can be
seen that a Sagnac interferometer based on coupler FBT 118 LI and FBT 122 LI has become
polarisation independent. Coupler FBT 124 LI is also polarisation independent and behaves
more ideally than FBT 118 LI and FBT 122 LI because less power is transmitted. The Sagnac
interferometer with a commercially available coupler could not be made polarisation insens-
itive. In the remainder of this chapter polarisation controllers are inserted to compensate for
polarisation rotations ifibres and couplergihere no polarisation rotations are allowed.

2.5 The teraherz optical asymmetrical demultiplexer

Figure 2.7 displays a Sagnac interferometer with a semiconductor optical amplifier inserted
in the loop. This configuration called the teraherz optical asymmetric demultiplexer (TOAD)
was first proposed by Sokoloff [18]. In addition to the semiconductor optical amplifier, an
optical coupler, an adjustable optical delay and a polarisation controller can be found in this
Sagnac interferometer based switch. The functionality of the polarisation controller has been
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Figure 2.7: Geometry of the TOAD demultiplexer

investigated in detail in Sec. 2.4. Coupler-2 is used to insert siginér) which is referred

to as the switch signal. The adjustable optical delay is used to change the position of the
amplifier in the loop. The input signali;,;,, contains the high bit rate line signal. If the
TOAD operates correctly, the output signal; ,..;, contains a demultiplexed channel of the

line signal. Without the SOA the configuration of Fig. 2.7 acts as a Sagnac interferometer and
the input signals are reflected according to the equations in Sec. 2.4. If a SOA is inserted the
possibility exists to saturate the amplifier by means of a high intensity switch pulse. When this
happens the refractive index of the amplifier changes. As a result the signals that are amplified
will experience a different propagation constant before and after the saturation takes place.
After saturation the gain recovers slowly compared to the saturation process which is almost
instantaneous. In the geometry of Fig. 2.7 the clockwise signal riggls, seconds more

time to reach the amplifier. It is this delay that causes a difference in encountered phase
between the clockwise and counter clockwise travelling signals. If this phase difference is
180° then constructive interference occurs in coupler-1 instead of destructive interference
and part of the line signal (the channel to be demultiplexed) will appear at the output. The
guantitative theoretical operation of the TOAD depends strongly on the amplifier model and
the waveform of the switch signal. Important issues are the shape of the switching window
and the amount of power of the switch signal. The channel extinction ratio, which can be
defined as the ratio of the amount of energy in the switching window and the amount of
energy outside the switching window, is an important measure for the performance of the
switch. Equally important is the amount of switch power that is needed to achieve switching
and the minimum and maximum power of the input line signal. When the input power (of
the data signal) is too low, amplifier noise will degrade the performance. On the other hand,
when the input power is too high the input signal will saturate the amplifier and switch it self
instead of being switched. Consequently, this leads to non error-free operation. In the next
subsections the dependence of the channel extinction ratio on different amplifier, coupler and
switch signal parameters is investigated theoretically. This is done40iGb/s to10 Gb/s
demultiplexer which will be realised experimentally in Chapter 5. It will be shown that
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finding parameters for optimal performance of the TOAD is complicated and that if they are
found, the question remains as to whether they can physically be realised.

2.5.1 Dirac delta pulse switching of the TOAD with zero length
SOA

A special case in which the switching window of the TOAD can be analytically determined
is the case where Dirac delta pulses control the switching properties of the amplifier. The
amplifier is assumed to be spatially concentrated.

Amplifier response to a Dirac delta pulse train

A Dirac delta pulse is a theoretical pulse of zero duration and infinite power. However the
energy of the pulse has a finite valfig, ;.. In this section, the gain response of an optical
saturable amplifier to a periodic Dirac delta pulse signal is determined. It must be noted that
the frequency spectrum of a train of Dirac delta pulses extends from minus infinity to infinity,
thus beyond the bandwidth of the amplifier. In addition infinitely small pulses do not exist in
any practical situation. However, the exercise below suits the demonstration of operation of
the TOAD and expresses the formation of a temporal window by an analytical formula. The
periodic signal is mathematically described as

Pin(7) = Eqwiten Y 0(r —nT}) (2.54)

n=-00

T, is the time between two Dirac pulseb,,,i:c1, is the energy that is contained in one pulse.
The average power is therefaR, 4, = Eswiten/Ts. The rate equation that describes the
gain of a spatially concentrated optical amplifier is given by (see Section 2.3.1)

Oh(r) _ ho—h(r) _ Pin(7)

o — g, (b)) -1 (2.55)

The delta pulse excitation allows Eq. 2.55 to be split up into an equation that describes the
fast saturation at timels= nT'b,
Oh(r) P, (1)

or = Em,, (@P®m)-1) (2.56)

and in an equation that describes the relatively slow recovery between the Dirac pulses,

Oh(r) _ ho — h(7) -

or T,

(2.57)

This separation is allowed under the assumption that saturation takes place immediately and
infinitely fast so that during saturation the gain does not recover (first term on the right side of
Eq. 2.55). For pulses that have a finite duration this derivation is not valid. However if a small
error is acceptable, input pulses with a pulse width smaller @@0ir. can be treated. For

a typical value oR00 ps for 7., pulses with a full-width half-maximum pulse widtt} 5,

of 0.2 ps are acceptable. The gain before the Dirac pulses enter the amplifier is equal to
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h(—=& + nTy) = hy < hg, with ¢ infinitely small. The periodic nature of the input signal
prevents a complete recovery of the amplifier. Immediately after the input pulse enters the
amplifier the gain saturates to a level equakte-¢ + nT,) = hy < ho. This can be found
by solving Eq. 2.56. The solution can be found by separation of Eq. 2.56 after which the left
and right part are integrated over time. This results in
T4+nTy 1 -1 T4+nTy
/ Py (ThYdr', (2.58)

—————dh(7") = —
—¢+nTy explh(7')] — 1 ™) Esat —¢+nT,

Evaluation of Eq. 2.58 results in an expression for the total amplifier gain aroendT}.

E;n (1 + nTy)

h(t +nTy) = —In[1 — {(1 — exp(—h(—=& + nTyp))} exp(— )], (2.59)

Esat
for —¢ <7 <&, with
T+nTy
Bu() = [ Pa()ir, —¢<r<€ (2.60)
—{+nTy
Thus linkingh, to hy for £ going to zero:
— Eswitch
hi =—-In{l1—-(1- )exp(————)}. (2.61)

exp(h2) Esat

After the amplifier is saturated the excitation will remain zero for a tifpeén which the
amplifier recovers according to Eq. 2.57. The solution of this equation is

h(r+nTy) = ho(l— exp(—— +T"T”)) +
h+e) exp(- 1) ye<r<T, - c (2.62)

c

This second equation links, to h; when¢ approaches zero.

ha = ho(1 — exp(—ﬂ)) + hy exp(—%). (2.63)

Te

From Egs. 2.59 and 2.62 the total gain is computed

h(r) = 3 [ulr —nTy) — u(r — nTy — Ty)] -
hy — T —nT;
{Tp(_%)(l —exp(—— °)) + B}, (2.64)

whereu(7) is the unit step function. The response of the amplifier to a periodic pulse train
of Dirac delta pulses is now determined. The remainder of this section will be devoted to the
terahertz optical asymmetric demultiplexer that is excited by this periodic delta pulse switch
signal. The input signal (line signal) that is to be switched is of such low intensity that it
does not significantly saturate the amplifier. The amplifier is saturated periodically at times
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T = Tphase + n1p. The position of the switching window is controlled insid&wide time

interval by,,se SO that a desired channel can be selected. In the remainder of this chapter
the input line signal is assumed to be continuous wave so that the visibility of the time window
that is created is enhanced and the quantities that determine performance such as the channel
extinction ratio, can be determined independently from the shape of the pulses forming the
line signal. An optical signal with complex enveloge ;. () and powerPy i, = |Af,in|?

enters the main coupler of the TOAD and is split up into a clockwise and counter clockwise
travelling signal

Bew,in(T) = Erexp(jo1)Asin(T), (2.65)
Becw,in(T) = VE2exp(jpz)Ag,in(T). (2.66)

Both signals experience a complex gain at one point in the Sagnac interferometer. The time at
which this occurs depends on the asymmetry of the amplifier and the total length of the loop
of the Sagnac interferometer. Without taking the transmission delay of theggp,into
account, the clockwise and counter clockwise travelling signals return at the main coupler of
the TOAD having experienced a complex gain. These signals can be determined to be

1 .
Bew,out(T) = Bew,in(T) -exp(i(l — Jar)h(T — Tphase + 2Tasym)), (2.67)

1 .
Bccw,out(T) = Bccw,in(T) ' exp(i(l - ]aH)h(T - Tphase))- (268)

In the caser,s,», = 0 both clockwise and counter clockwise travelling signals pass the
amplifier at the same time and will therefore experience the same propagation constants.
Therefore no window in time will open. At the outputs of the Sagnac interferometer the
forward directed outputd .., and backward directed output; ..., are expressed as

Aﬁout(T) = \/anp(SOl) 'Bcw,out(T) +
VEz exp(p2) - Beew,out (1),
Apout(T) = Verexp(er) - Becw,out(T) +
Vezexp(v2) - Bew,out(T), (2.69)

respectively. Substitution of Egs. 2.66-2.69 gives for the forward directed outpyl,, of
the TOAD

. 1 .
Afout(T) = Apin(T)e1exp(2jp1) exp(§(1 — jam)h(T — Tphase + 2Tasym)) +
. 1 .
Aj in(T)e2 exp(2]¢2) eXp(§(1 — jam)h(T — Tphase)), (2.70)
and for the backward directed output, ..., of the TOAD
Apout(T) = Afin(T)\/E162exp(2](p1 + ¢2)) -

1 .
[eXp(i(l - JaH)h(T — Tphase QTasym)) +

exp(%(l — Jar)h(T — Tphase))]- (2.71)

Tphase 1S the reduced time where the temporal window opehsr,,,,, second later the
window closes. Fofypase = Tasym the window is centred around= 0. Substitution of the
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analytical expression fdi(7), Eq. 2.64, leads to the analytical expression for the normalised
fields, A oyt (7) @and Ap o, (7), and powers,

Prout(t) = |Apour() Pl exp(h(T = Tphase + 2Tasym)) + €3 exp(h(T = Tyhase)) +
26169 exp(%(h(T — Tphase + 2Tasym) + M7 — Tphase))) -
cos(2(2 — 1) + 2 (B ~ Tyhase + 2asym) — (T~ Tpnase))2.72)
and
Poouwt(T) = A out(T)Pe182exp(h(T — Tphase + 2Tasym)) + exp(h(T — Tphase)) +
2 exp(%(h(r — Tphase + 2Tasym) + (T — Tphase))) -

1
Cos(iaH(h(T — Tphase + 27'asym) —h(r — Tphase)))] (2.73)

When an ideal couplee( = e2 = % andy, — 1 = 90°) is used Egs. 2.72 and 2.73 reduce
to

1
Pf,out(T) = Z|Af,0ut(7')|2[eXp(h(T — Tphase + 2Tasym)) + exp(h(T — Tphase)) -
1
2 exp(i(h(T — Tphase + 2Tasym) + h(T - Tphase))) .
1
COS(§aH(h(T — Tphase + 2Tasym) — (T — Tphase)))] (2.74)

and

1
Pb,out(T) = Z|Af,0ut(7')|2[eXp(h(T — Tphase + 2Tasym)) + exp(h(T — Tphase)) +
1
2 exp(i(h(T — Tphase + 2Tasym) + h(T - Tphase))) .
1
cos(5am (T = Tphase + 2Tasym) = h(T = Tphase)))]; (2.75)

as found in Ref. [19]. A special case ocCursijf,gse = Tasym- The window that will

be created when the amplifier is saturated will be centred &t 0. Figure 2.8 displays

the response of a TOAD without any parameter optimisation. It can be clearly seen that
atT = 0 a25 ps wide window is located where the forward gain excegtls Outside

this window the gain remains beloWs. The gain of the SOA causes amplification in both
forward and backward direction. The desired, to be switched, interval is amplified more
than the undesired, not to be switched, interval. In other words the demultiplexing can be
considered as temporal selective amplification. This window can therefore be used to amplify
one channel of an optrcally multiplexed line signal. In this example the demultiplexing ratio
is QTQTS;’” =7 = allowing a40 Gb/s signal to be demultiplexed i® Gb/s. An
important measure “of performance is the ratio between the energy in the switching window
and the energy outside the window. This ratio will be referred to as the channel extinction
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Figure 2.8: (a) Gain that is experienced by the counter clockwise travelling signal (solid
curve) and clockwise travelling signal (dashed curve). (b) The cosine term of Eq. 2.72
(solid curve) and the cosine term of Eq. 2.73 (dashed curve), (c) Gain at the forward out-
put (Eq. 2.72), (d) Gain at the backward output (Eq. 2. F3)yitcr, = 0.1 pJ, Esqe = 10 pJ,

Ty = 100 ps, T, = 200 ps,Tosym = 12.5 ps,G = 1000, ag = 5,61 = €2 = 0.5, p1 =0°

andyps = 90°
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(2.76)

If this ratio becomes too small, severe “eye closure” will deteriorate the bit error rate perform-
ance of the TOAD based system. The parameters in this model can be divided into three
groups.FEsyicr, andTy, which are related to the switching signal, Es.:, G, ag which are
related to the optical amplifier ard, 2, ¢1, 2 andr,s,, which are related to the coupler

and geometry of the Sagnac interferometer. All parameters act nonlinearly on the shape of
the forward gain window an®..;,;,.».;- Figure 2.9 shows how the shape of the window can

be influenced by changing the linewidth enhancement factor and the energy of the switch
pulses. In the case ofy = 0 the signals in the loop of the TOAD do not experience phase
shifts due to the saturation of the amplifier. Only a difference in amplitude is imposed on
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Figure 2.9: Forward gain for different values@fr andEsyitch/Esat- Esar = 10 pJ, Ty =
100 ps,T. = 200 ps,G = 1000, &1 = €2 = 0.5, o1 = 0°, 2 = 90° andT sy, = 12.5 ps.

the signals resulting in very low gain. Wher; increases more power is transferred to the
output. However, the channel extinction ratio does not significantly improve. In addition,
the optimum switch energy depends@pn implying that if the current through the amplifier
varies,a g varies and that this can be compensated for by increasing or decreasing the energy
of the switch pulses. Significant improvement of the TOAD can be achieved if the phase
differencep, — ¢ deviates fromp0°. In Sec. 2.4 it is argued that the transmission of the
Sagnac interferometer is expected to increase and the reflectivity to decrease. In Fig. 2.8 (b)
the solid curve represents the influence of the phase changes in the loop on the cosine com-
ponentin Eq. 2.72. Outside the window the curve does not redciwhich means that the
output power of the TOAD can be much lower for this time interval. Inside the window the
curve does not reach1 which means that the output power can be much higher. Figure 2.10
shows that when the phase differe¢e» — ¢1) becomes less thal80° the extinction ratio
improves because the signals outside the window will be suppressed. At the same time the
signals inside the window will be enhanced. Note that in Fig. 2.10 the scale of the forward
and backward window is in dB. In addition, a small change of the coupling coefficients of
the couplerg; ande,, improved the response of the TOAD. Figure 2.10 (b) compared to
Fig. 2.8 (c) shows that the channel extinction ratio has improved considerably outside the
window and that inside the window more power is passed to the output. The amount of phase
shift that is introduced depends on the phase mismatch of the coupler and can not be ad-
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Figure 2.10: (a) Gain that is experienced by the counter clockwise travelling signal (solid
curve) and clockwise travelling signal (dashed curve). (b) The cosine term of Eq. 2.72
(solid curve) and the cosine term of Eq. 2.73 (dashed curve), (c) Gain at the forward out-
put (Eq. 2.72), (d) Gain at the backward output (Eq. 2. E3)yitcr, = 0.1 pJ, Esq: = 10 pJ,
Ty = 100 ps,T. = 200 ps,Tosym = 12.5 ps,G = 1000, ag = 5, e1 = 0.45, €2 = 0.53,

p1 = 17.3° andyp, = 90°

Table 2.2: Parameters according to the windows of Fig. 2,J#, = 12.5 ps, T, = 100 ps,

T. = 200 ps, Esyiten = 0.1 pJ

(a) (b) (c) (d)
1 0464 | 0.385 | 0.227 | 0.393
€2 0.532 | 0.462 | 0.285 | 0.475
01 17.00° | 12.61° | 1.86° | 8.09°
©s 90° 90° 90° | 90°
gainG | 1000 | 900 | 450 | 350
Eyat [pJ] | 10 25 14.29 | 2.0
o 455 | 5.1 46 |21
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Figure 2.11:R pannet VErsusey andAp;. Egyien = 0.1 pd, Egq = 10 pJ, T, = 100 ps,
Te =200 ps,Tysym = 12.5 ps,G = 1000, e; = g2 = 0.4 andyp, = 90°

justed, unless active couplers are used. What can be adjustedbgcause this parameter
depends on the current and temperature of the amplifier. Figure 2.11 displays the channel
extinction ratio as a function of the phase mismatclpin Ay, andag. It can be clearly

seen that in the case of a phase mismatch of zero degrees the extinction ratio will not exceed
a factor five. Therefore it is important to use a coupler that exhibits some amount of polar-
isation independent crosstalk. In combination with an optical amplifier with the carggect

this phase mismatch causes a high contrast switch window with low channel crosstalk. The
optimum can be found in the inn&..,.,,»; = 45 contour circle and occurs fery =~ 5.85
andAp; ~ 20°.

Figure 2.10 was recomputed by changingande- to obtain a higher channel extinction
ratio. From Eq. 2.72 it is expected that alteration of the coupling coefficients will lead to
performance improvement or degradation depending on the extent the amplitudes of the terms
in Eq. 2.72 can be fine tuned. Figure 2.12 shows how the channel extinction ratio depends
on the coupling coefficients in the case of a coupler phase mismatsh= 20° anday =

5.85. According to this graph it is preferred not to use an ideal 3dB coupler but a coupler that
is asymmetric by about0%.
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Figure 2.12:R.hannet dependence on the coupling coefficientsandes for apg = 5.85
and coupler phase mismatiip, = 20°. Esyiten = 0.1 pJ, Egqr = 10 pJ, T, = 100 ps,
Te = 200 ps,Tysym = 12.5 ps and7 = 1000

Equally important is the influence of the gain on the system. In Fig. 2.13 the dependence of
the channel extinction ratio on the gain and ratio between switch pulse energy and saturation
energy is depicted. This has been done for non-optimal values, fande, to enhance
visibility. Low gain allows a broad interval for thBg.,;+.. / Es.: Where an acceptable channel
extinction ratio can be obtained. Whéf,,i:.r./ Esat 1S low a broad interval exists for the

gain to obtain an acceptable extinction ratio. In addition, when the phase misthatch
deviates fromAp; = 20° a larger area is available where switching is possible with a lower
channel extinction ratio. A trade-off should be made between interval where the gain and
the Eqwiten/ Esqr ratio adopt values and the channel extinction ratio that is required. When
designing a TOAD it is important to select a coupler that fits the parameters of the amplifier.
The simulations in this section show that a non-ideal coupler is preferred. The amplifier
should be adjusted in such a way that the parameters of the amplifier in combination with
the parameters of the coupler result in high contrast switching i.e. a high channel extinction
ratio. In Fig. 2.14 four different parameter sets of optical couplers have been drawn. For
each parameter set the parametér€’;,; anday of the amplifier are manually adjusted to
optimise the channel extinction ratio. These parameters can be found in Table 2.2. When the
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TOAD is realised the current and temperature of the amplifier deter@jneg;,; anday.

These parameters can not be controlled independently. If the properties of the coupler require
amplifier parameters that cannot be reached by adjusting current and temperature than the
TOAD will not perform optimally. A different coupler must be incorporated to which the
amplifier can be adjusted.

2.5.2 Non-zero pulse width switching of a TOAD with zero length
SOA

When Dirac delta pulses excite a saturable amplifier of zero length the response of the amp-
lifier and the transfer window of the TOAD can be computed analytically. In practice, delta
pulses cannot be generated. Pulses that can be generated exhibit a certain width which leads
to an amplifier saturation process that continues as long as the pulse travels in the amplifier.
In the case of a zero length amplifier the amount of time saturation takes place is equal to the
duration of the pulse. Consequently, the window will not exhibit infinitely steep slopes. The
leading and trailing edges of the window become less steep. The numerical scheme described
by Egs. 2.15 and 2.16 can be evaluated for a wide variety of pulse input shapes. The pulse
shape that will be used in this section is the soliton pulse shape

Pin(7) = Pywiten sech? <1> _ Bswiten o )2 <1> (2.77)
T0 27‘0 T0

whereP;,,;:c 1S the peak power of the pulse ahy,,;:., the energy of the pulse. The centre

of the pulse arrives at the SOAat= —1,5,m, in accordance with the excitation in Sec. 2.5.1.

This saturation process is input to the model described in Sec. 2.5.1. Figure 2.15 (a) shows

the difference in gain response between the delta pulse and soliton excitation. Figure 2.15 (b)

shows that for the soliton case, in contrary to the delta pulse excitation, at two places, where

the clockwise and counter clockwise signals intersect, a maximum of destructive interference

in the forward direction and a constructive maximum in the backward direction occurs. From

Fig. 2.15 (c) it can be seen that the full-width half-maximum time of the window has slightly

decreased. In addition, At~ —7,5ym andr & 7,s,m the output of the switch turns zero. The

shape of the window has changed to an extent where the channels that should be suppressed

experience close t6 = +7,,,, higher gains. This results in a channel extinction ratio

of Rehanner = 1.39 which is lower than theR ., qnner = 1.45 for the delta pulse switched

TOAD.

One way to compensate for the decrease in channel extinction ratio is to use a line signal
that is composed of shorter optical pulses without increasing the bit rate, i.e. lowering the
duty cycle. In the case of the window of Fig. 2.15 (c) narrower line pulses concentrate
power aroundr = 0 where the gain is still high, however, they do have the disadvantage
of occupying more bandwidth. A different approach is to decrease the asymmetry of the
amplifier in the loop. Figure 2.16 displays for different values of the switch-signal pulse
width and for the amplifier asymmetry the shapes of the forward gain windows.

Subplot (a) and (b) show that decrease of the amplifier asymmetry results in a higher channel
extinction ratios. The main reason for this is that the ratio of the gain of the demultiplexed
channel and the gain of the non-demultiplexed channels increases faster than the width of the
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Figure 2.15: (a) Gain that is experienced by the counter clockwise travelling signal for the
delta pulse excitation (solid and dashed curves) and for the soliton excitation (dashed-dotted
and dotted curve). (b) The cosine term of Eqs. 2.72 and Egs. 2.73 for the delta pulse excitation
(solid and dashed curve) and for the soliton excitation (dashed-dotted and dotted curve),
(c) Gain at the forward output (Eq. 2.72) for the delta (solid curve) and soliton (dashed-
dotted curve) excitation, (d) Gain at the backward output (Eq. 2.E3)yitcr, = 0.1 pJ,

Eeot = 10 pJ, Ty = 100 ps, T. = 200 ps, Tysym = 12.5 ps,G = 1000, ag = 5,

€1 =¢e2 = 0,91 =0 andp, = 90°. The pulse width of the soliton pulse amounted {as.

window decreases. When the switch pulses become too broad and the amplifier asymmetry
too small as in subplot (c), larger widths of switch pulses can no longer be traded for a smaller
amplifier asymmetry without losing gain. In subplot (d) this effect is even more prominent.
This method does not require an input line signal containing narrower pulses though it is
clear that when the window becomes smaller the pulse shape of the line signal pulses will
become more distorted. Furthermore, if the window and the line signal pulses are too narrow
the system becomes sensitive to synchronisation jitter between the switch signal and the line
signal. If the pulses of the line signal are broad, i.e. large duty cycle, the jitter sensitivity
is reduced. Unfortunately in this case not all of the input power to be demultiplexed will
eventually be demultiplexed which is detrimental to the signal to noise ratio at the output.




2.5. THE TERAHERZ OPTICAL ASYMMETRICAL DEMULTIPLEXER 53

(@ Ty switch=2- PS (O) T swiecn=>-0 PS
120 ' ) 100 .
% 100 o O Rch:l'39 % 80} O O Rch:l'33
(=2} _ > -
g 80 x % Rch—l.Bl g sol X X Rch 1.77
£ + Ry=254 g + + R, =2.34
= 60 ch s ch
° * R =3.93 T 40} % % R =3.46
S 40 ch o} ch
g z
<] o
20 20t
o* F O: 4 L
-50 0 50 -50 0 50
time [ps] time [ps]
© va\/hm,s,witch:7'5 ps (d) wahm,switchzlo'o ps
100 4
£ £ 80f 0 O R =119
> & R =1.61
% % 60} ch
= =}
£ <
3 5
E E 40»
g ©
5 -
e w— 20,
% r
—50 0 50
time [ps] time [ps]

Figure 2.16: Graph (a) to (d) are plotted for amplifier asymmettjgg n, fwhm = 2.5 pS,
Tswitch, fwhm = 5 ps, Tswitch, fwhm = 7.5 PS; Tswitch, fwhm = 10 ps. The values for the
amplifier asymmetry equdR.5 ps, 10 ps, 7.5 ps and5 ps for theo, x, + andx curves,
respectively. The legends of the subplots contain valuef@r nei- Eswiten = 0.1 pJ,
Esot = 10 pJ, Ty = 100 ps,T. = 200 ps, Tysym = 12.5 ps,G = 1000, ag = 5,
g1 =¢e9 =0, w1 = 0 anngQ = 90°.

So far the behaviour has been discussed for an ideal coupler. In the preceding section cross
talk in the coupler was demonstrated to improve the characteristics of the switch. For different
values of the linewidth enhancement facteg;, and the cross-talk-induced phase mismatch

in the couplerA¢y, the channel extinction ratio is computed. Figure 2.20 displays a contour
plot for Tewitch, fwhm = 5 PS andrgeym = 10 ps. A channel extinction ratio of 25 can be
obtained if the right line width enhancement factor and phase mismatch are realised. When
different values for the width of the switch pulse and asymmetry of the amplifier are taken
different values are found for the linewidth enhancement factor and the phase mismatch in
the coupler for maximum channel extinction ratio. In summary, increasing pulse width of
the switch signal results in an deteriorated switching contrast. A decrease of the amplifier
asymmetry will counteract this but also reduces the width of the time window.
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Figure 2.17:R hannet Versusay andAg; for Teyitch, fwhm = 2.5 PS, Tasym = 12.5 pS.
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Figure 2.18: R hannet Versusay andAp; for Tswiteh, fwhm = 2.5 PS, Tasym = 10 pS.
(G = 1000, Esyiten = 0.1 pd, Esqr = 10 pJ, T, = 100 ps, T, = 200 ps anct; = e, = 0.4)
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Figure 2.19: R hannet Versusay andAp; for Tswiteh, fwhm = 9 PS, Tasym = 12.5 pS.
(G = 1000, Esypiten, = 0.1 pd, Esqe = 10 pJ, T, = 100 ps, T, = 200 ps anckt; = e = 0.4)
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Figure 2.20:Rchanner Versusxy andAgy for Tewitch, fwhm = 5 PS, Tasym = 10 ps. G =
1000, Esyiter, = 0.1 pd, Esqr = 10 pJ, Ty, = 100 ps, T, = 200 ps, anct; = e = 0.4)
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T. =200 ps,G = 1000 andsy = e5 = 0.4
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Figure 2.23:Rchannet Versus gainG, andEgyitch [ Esat fOr Towiteh, fwnm = 2.5 ps and
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Figure 2.24:Rchannet Versus gainG, andEgyitch [ Esat fOr Towiteh, fwnm = 2.5 ps and
Tasym = 10 pPS. g = 5.92 andAp; = 16.2°. Ey = 10 pJ, T, = 100 ps,T. = 200 ps,
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In Figure 2.21 the channel extinction ratio versus amplifier asymmetry and switching pulse
width is plotted. This plot shows that decreasing the amplifier asymmetry results in an op-
timum channel extinction ratio. When that point is pasgegl..».; Will further deteriorate.
Figure 2.22 depicts the width of the window for the same set of parameters as in Fig. 2.21.
The contour lines in this plot cross thgyitch, fwnm = 0 for values ofr, g, equal to half

the value of the contour line. This particular case corresponds to the delta pulse excitation. In
addition, a certain value fat, ., iS to be expected where the width of the window and the
channel extinction ratio show minimal dependence on the switch pulse width. This occurs at
Tasym /2 6.5 ps where a channel extinction ratio2ff can be obtained.

In this case, it is interesting to observe the effects on the channel extinction ratio for different
gains and ratio of pulse energy and saturation output power. Figs. 2.23-2.26 display the
relation between the gain, ratio @f;,,;;c, and Es,; , and R.pqnne fOr estimated values of

ag andAyp; that give optimum channel extinction ratios in Figs. 2.17-2.20, respectively. An
increase or decrease of the gains oFg{,;;.;, does not result in significant higher values for
Renhanner ONCe the optimum values fary and Ay, have been determined. This appears to

be independent of the values fQk,itch, fwhm andT,sym. This supports the idea that finding

an optimumg andAy; prevails over finding the optimum gain.

2.5.3 Non-zero pulsewidth switching of the TOAD with non-zero
length SOA

Up till now the length of the amplifier has been assumed zero. In a physical realisation this
will not be the case. An amplifier with length will exhibit length dependent saturation
because the optical intensity will be strongest at the end of the amplifier. Time and distance
dependent saturation will be determined numerically using the model described in Sec. 2.3.3.
A slightly different definition ofr,s,., is used. Two times,,, is the delay between the
clockwise and counter clockwise travelling signals in the loop for each signal to reach an
input of the non-zero length amplifier. The propagation delay that is experienced by the
clockwise and counter clockwise travelling signals in the amplifier is compensated so that
the windows are centred around= 0 and can easily be compared with the windows in the
case where a spatially concentrated amplifier is used (see Fig. 2.27). Moreover, the switch
pulse begins to saturate the amplifierrat= —7,4,,,, and can do this from the clockwise
direction, counter clockwise direction and from both directions. Figure 2.28 displays the
gain profiles and windows for a zero length amplifier andiéa pm long amplifier. The
switch pulse enters the amplifier from the counter clockwise direction. It can be seen that the
slope of the trailing edge is less steep compared to the slope of the leading edge. Saturation
of the amplifier occurs instantaneously and as a result the counter clockwise travelling signal
causes a steep rising edge in the window. The clockwise travelling signal will see an amplifier
where the first few micrometers are saturated. The last few micrometers of the amplifier have
already started to recover.

For the clockwise travelling signal a different saturation profile exists and thus a different
phase profile which, due to the partial recovery, results in a more slanted slope. Consequently,
the time window will extend beyond the desired channel. The resultis a worse channel extinc-
tion ratio. In addition, the gain that is experienced by the channels that are to be suppressed
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Figure 2.27: Graphical representation of the definition Qf.., for (a) a zero-length amp-
lifier, (b) non-zero length amplifier. The centre of the switch-pulse enters the SOAs at

T = —Tasym

has increased considerably. Both factors contribute to a channel extinction ratio af@nly
compared td .39 for a zero-length amplifier antl45 for a delta pulse switched zero-length
amplifier.

When the amplifier is saturated from the clockwise direction the trailing edge of the window
remains steep and the leading edge becomes more slanted (Fig. 2.29). In this case the shape
of the window has become narrower and of higher gain. The gain that is experienced by
the channels to be suppressed has decreased. This results in an improved channel extinction
ratio of 1.70. The third case covers both clockwise and counter clockwise excitation of the
amplifier with half the switch pulse energy fed into each input. The gain profiles depicted in
Fig. 2.30 show that in this case the gain has saturated more than in the other two situations.
This is caused by the gain dependent nonlinear saturation process. When amplifiers become
saturated the gain is reduced and additional saturation becomes more difficult. The power
along the amplifier longitudinal direction increases non-linearly with the input power. When
the amplifier is excited from both directions the two signals will both saturate the amplifier
close to the level of saturation that one signal would cause. This mode of operation corres-
ponds to the SLALOM configuration of Fig. 1.8 (c). The saturation occurs mainly in the first
half of the amplifier and the pulses will see a fully saturated second half instead of a fresh
second half when only one side of the amplifier is excited. This results in a lower overall gain
and a twist in the gain curves. Subplot (c) of Fig. 2.30 shows that the forward gain is about
the same for the not-demultiplexed channels but the window is smaller and narrower for the
demultiplexed channel. The channel extinction ratio decreaskegadavhich lies in between

ratios of the cases where the amplifier is saturated from the clockwise and counter clockwise
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Figure 2.28: Counter clockwise excitation. (a) Gain of clockwise and counter clockwise
travelling signal of a zero length (dashed and solid) an80&@mum long (dotted and dashed-
dotted) amplifier. (b) The cosine of the total phase (including coupler) experienced by the
forward (fw.) and backward (bw.) traveling signal of a zero length (dashed and solid curves)
and arg800 um long (dotted and dashed-dotted) amplifier. (c) Forward gain of a zero length
(solid) and ar800 pm long (dashed-dotted) amplifier. (d) Backward gdilg,yitcr, = 0.1 pJ,

Esot = 10 pJ, Ty = 100 ps, T. = 200 ps, Tysym = 12.5 ps,G = 1000, ag = 5,

€1 =2 = 0.5, 1 = 0 andp, = 90°. The pulse width of the soliton pulse amounts tos.

direction. The influence of the length of the amplifier in combination with the asymmetry
of the amplifier on the shape of the forward gain windows is investigated numerically. For-
ward gains are plotted in Fig. 2.31 (a-d) fQfsym = 0, Tasym = 5 PS, Tasym = 10 PS,

Tasym = 15 PS, respectively and fat o, = 400 pm, Ly, = 800 pm andLe, = 1200 pm,
indicated by the solid, dashed and dotted curve, respectively. When the amplifier is centred in
the loop, a forward window is still visible with a large channel extinction ratio but a relatively
low gain. A longer amplifier results in higher gain but a lower channel extinction ratio. In all
the other graphs, where the amplifier is located asymmetrically in the loop, it can be observed
that a longer amplifier results in a better channel extinction ratio and in a narrower window. In
the preceding section it was shown that reducing the amplifier asymmetry resulted in a smal-
ler window with better channel extinction ratio. The same occurs when the amplifier length
is increased. An increase of amplifier lengtH 290 ym with an asymmetry of2.5 ps gives
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the same result as a decrease of amplifier asymmefty ps with a spatially concentrated
amplifier. At this point it can be concluded that practical implementation of a non spatially
concentrated amplifier can result in increased performance for non-zero width pulses. The
phase deviation of the coupler from the idg@@f determines whether the amplifier should be
excited clockwise or counter clockwise in order to suppress the channels that are not intended
to be demultiplexed.

When crosstalk in the coupler occurs the channel extinction ratio can be increased consider-
ably. Similar to Figs. 2.17-2.20, Figs. 2.32-2.35 display the channel extinction ratio contour
plots for an800 m long optical amplifier as a function of the linewidth enhancement factor
and the phase mismatch in the coupler. The channel extinction ratio has significantly im-
proved for lowera and a smaller phase mismatch in the coupler. Figures 2.36 and 2.38
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Figure 2.29: Clockwise excitation. (a) Gain of clockwise and counter clockwise travelling
signal of a zero length (dashed and solid) and@in um long (dotted and dashed-dotted)
ampilifier. (b) The cosine of the total phase (including coupler) experienced by the forward
(fw.) and backward (bw.) traveling signal of a zero length (dashed and solid curves) and
an800 um long (dotted and dashed-dotted) amplifier. (c) Forward gain of a zero length
(solid) and ar800 pm long (dashed-dotted) amplifier. (d) Backward gdil,yi;cr, = 0.1 pJ,

Esot = 10 pJ, Ty = 100 ps, T. = 200 ps, Tysym = 12.5 ps,G = 1000, ag = 5,

€1 =2 = 0.5, 1 = 0 andp, = 90°. The pulse width of the soliton pulse amounts$ tos.
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Figure 2.30: Clockwise and counter clockwise excitation. (a) Gain of clockwise and counter
clockwise travelling signal of a zero length (dashed and solid) aB@@nm long (dotted and
dashed-dotted) amplifier. (b) The cosine of the total phase (including coupler) experienced
by the forward (fw.) and backward (bw.) traveling signal of a zero length (dashed and solid
curves) and aB00 pm long (dotted and dashed-dotted) amplifier. (c) Forward gain of a zero
length (solid) and aB00 pm long (dashed-dotted) amplifier. (d) Backward gdil,itcr, =

0.1 pJ, Esar = 10 pJ, Ty = 100 ps,T. = 200 pS, Tosym = 12.5 ps,G = 1000, ax = 5,

€1 =2 = 0.5, 1 = 0 andp, = 90°. The pulse width of the soliton pulse amounts$ tos.

depict how the channel extinction ratio depends on the amplifier asymmetry and switch pulse
width for a400 pm and an800 um long amplifier, respectively. The pulse widths of the
windows are displayed in Figs. 2.39 and 2.37 for both amplifier lengths. These plots are
based orvyy = 5 and aAgp, = 12.5°. For these values an increase in amplifier length from

L = 0 (Fig. 2.22) toL = 400 pm andL = 800 pm results in decreasing optimal values

for R.panner- These optimal values do occur for increased amplifier asymmetry. Apparently,
it depends strongly on the values tof; and Ay, whether a longer amplifier improves the
channel extinction ratio or not.

From Figs. 2.32-2.35vy and Ayp; are interpolated to provide near optimum channel ex-
tinction ratios. This data is used to compute the channel extinction ratio as a function of
amplifier length for different ratios of the switch pulse energy and saturation output energy of
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Figure 2.31: Subplot (a), (b), (c) and (d) depict the forward gainf, = 0 PS, Tasym =

5 PS, Tasym = 10 ps andr.sym = 12.5 ps respectively for three amplifiers with length
L = 400 pm (solid), L = 800 um (dashed) and. = 1200 um (dotted) and clockwise
excitation. Egyizcr, = 0.1 pJ, Esqt = 10 pJ, Ty, = 100 ps, T, = 200 ps,G = 1000, ax = 5,

€1 =¢e2 = 0.5, p1 = 0 andys = 90°. The pulse width of the soliton pulse amount$ {os.

the amplifier. This data is presented in Figs. 2.40-2.43. Common among these graphs is that
for Eswiten/Esat = 0.01 aroundL = 800 pm a maximum forR ;anner OCCUrs. This is in
agreement with expectations since these graphs are based on parameters of Figs. 2.32-2.35.
These graphs also show that for different ratioFpf,;;., and Es,; @ maximum occurs at

a different amplifier length. If the other parameters, like; , ay and the gain are also
changed a higher maximum can probably be achieved. In addition the channel extinction
ratio is sensitive to variations in switch pulse energy. From Fig. 2.41 it can be seen that if the
E,.iten 1S divided by a factor three the channel extinction ratio decreases by a factor four.
An increase ofF;,,;:.r, by a factor three results in an decreas&ef ..., by a factor five.
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Figure 2.32:R hannet Versusag andAg; for Toyitch, fwhm = 2-5 PS, Tasym = 12.5 pS.

(L = 800 um, G = 1000, Eswiten, = 0.1 pJ, Egqr = 10 pJ, T, = 100 ps,T. = 200 ps and
€1 = g2 = 0.4 and clockwise excitation.)
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Figure 2.33:Rchannet Versusamg andApy for Tsyiteh, fwhm = 2-5 PS, Tasym = 10 ps.
(L = 800 pm, G = 1000, Esyiten, = 0.1 pJ, Esq; = 10 pJ, T, = 100 ps,T. = 200 ps and
€1 = g2 = 0.4 and clockwise excitation.)
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Figure 2.34: Rchannet Versusamg andApy for Tsyiteh, fwhm = 9 PS, Tasym = 12.5 pS.
(L = 800 um, G = 1000, Eswiten, = 0.1 pJ, Egqr = 10 pJ, T, = 100 ps,T. = 200 ps and
€1 = g2 = 0.4 and clockwise excitation.)
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Figure 2.35:Rchanner Versusag andAp; for Tswitch, fwhm = 9 PS, Tasym = 10 ps. L =
800 um, G = 1000, Esyitern = 0.1 pd, Egqy = 10 pJ, T, = 100 ps,T. = 200 ps and
€1 = g2 = 0.4 and clockwise excitation.)
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Figure 2.36:Rchanner CONtoUrs as a function of,sym andtgwitch, fuhm for Ap; = 12.5°,

ag = 5, L = 400 um and clockwise excitationEiic, = 0.1 pJ, Esq = 10 pJ, T, =
100 ps,T. = 200 ps,G = 1000 andes; = e, = 0.4
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Figure 2.37: The width (fwhm) of the switching window as a functiontgf,,, and
Tswitch,fwhm 10 Apr = 12.5°, ag = 5, L = 400 pm and clockwise excitation.
Eawiten = 0.1 pJ,Egqy = 10 pJ, Ty = 100 ps,T. = 200 ps,G = 1000 ands; = e, = 0.4
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Figure 2.38:Rchanner CONtOUrs as a function of,sym andtgwitch, fwhm for Ap; = 12.5°,
ag = 5, L = 800 um and clockwise excitationEi;c, = 0.1 pJ, Esq = 10 pJ, T, =
100 ps,T. = 200 ps,G = 1000 andes; = e, = 0.4
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Figure 2.39: The width (fwhm) of the switching window as a functiontgf,,, and
Tswitch,fwhm 10r A1 = 12.5°, ag = 5, L = 800 p m and clockwise excitation.
Eawiten = 0.1 pJ,Egqy = 10 pJ, Ty = 100 ps,T. = 200 ps,G = 1000 ands; = e, = 0.4
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Figure 2.40: Rohannet Versus amplifier lengthl, for tewitch, fwhm = 2.5 PS, Tasym =
12.5 ps, differentEsyitcn/ Esar and clockwise excitation.ofy = 4.60 andAyp, = 13.1°,
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Figure 2.41R hanne versus amplifier lengtt,, for tywitch, fwohm = 2.5 PS,Tasym = 10 S,
differentEsyitcn/ Fsqr @nd clockwise excitationagr = 5.55 andAy, = 12.4°, G = 1000,
Egqr =10 pJ, Ty, = 100 ps, T, = 200 ps, anct; = g3 = 0.4)
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Figure 2.42R .hanne Versus amplifier lengtt,, for tywitch, fwohm = 5 PS,Tasym = 12.5 S,
differentEsyitcn/ Fsqr @nd clockwise excitationagr = 4.36 andAy, = 12.5°, G = 1000,
Egqr =10 pJ, Ty, = 100 ps, T, = 200 ps, anct; = e; = 0.4)
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Figure 2.43:Rcpanner Versus amplifier lengthl,, for tywitch, fwhm = 5 PS,Tasym = 10 pS,
differentEsyitcn/ Fsqr @nd clockwise excitationagr = 5.31 andAy, = 11.8°, G = 1000,
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2.6 Summary

In this chapter three amplifier models have been derived and implemented in a TOAD-switch
model. Simulations have been carried out which show that both qualitatively and quantitat-
ively significant differences exist between the response of the models. A channel extinction
ratio has been defined as the ratio of the energy in a window where the channel is located that
is to be demultiplexed and the energy in the remaining channels which are to be suppressed,
where a continuous-wave input signal is used. More than ten different parameters control the
performance of this optical switch. Finding the maximum channel extinction ratio in a ten
dimensional vector space is not within the scope of this thesis although simulation tools are
available to verify the performance of a particular configuration. When a TOAD configura-
tion is set up it has been found that the switch pulse should be as narrow as possible. The
energy of the switch pulse should be accurate and stable. The non-zero length of the amplifier
does not necessarily have a bad influence on the performance of the TOAD. The linewidth
enhancement factor and the phase mismatch in the coupler are found to be key parameters in
the fine tuning of the device. Moreover, it may very well be that a coupler in combination
with an amplifier does not permit a channel extinction ratio large enough to obtain error free
demultiplexing when the line signal includes significant noise. Optical gain can be exchanged
for a different ratio between the energy of the switch pulse and saturation output power of the
SOA.
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Chapter 3

Key components and system blocks

The optical transmission systems of today have become more complex as a result of transmis-
sion over longer distances and at higher bit rates. In Chapter 5 all-optical demultiplexing and
regeneration is experimentally demonstrated. To this end a diversity of optical and electro-
optical components have been utilised in a wide variety of optical geometries. In this chapter
the building blocks that form the systems treated in Chapters 4 and 5 are examined. Some of
these components are commercially available; others have been custom made.

3.1 Optical sources and modulators

3.1.1 DFB laser diode

Distributed feedback (DFB) laser diodes are common sources in optical transmission systems.
In the research presented in this thesis a DFB laser diode is used to generate trains of narrow
optical pulses that can be modulated by an external optical modulator to realise an optical data
signal. A theoretical model is described that is implemented numerically to assess differences
in performance between RZ formatted and NRZ formatted transmission systems in Chapter 4.
The DFB laser that generates optical pulse trainsfdf Gb/s experiments is a broad-band
research sample, manufactured by Uniphase Netherlands B.V. This buried heterojunction
InGaAsP bulk laser diode operateslai0 nm and has a typical fibre-coupled efficiency of

80 uW/mA. A pulse pattern generator (PPG) is used to deri¥é &Hz sinusoidal signal.

After amplification this signal is fed into the DC-biased DFB laser diode. Figure 3.1 (a)
displays the measured temporal optical response 6GitmA bias current and excited by a

10 GHz, 120 mApeak—pealBF signal. It must be noted that due to reflections in the mount
and package the active layer of the laser diode does not experience all of the RF power.
Carrier density fluctuations modulate the refractive index of the active layer and impose fre-
quency chirp on the envelope of the optical pulses. Figure 3.1 (b) shows that transmission
through4.4 km of dispersion-shifted fibre compresses the output pulses of the laser diode
to narrower optical pulses. When the laser is switched on from below threshold the laser
is said to be gain switched. An increasing electrical signal raises the carrier concentration.
Hence the optical gain increases. During this process spontaneously generated photons exist
in the cavity. Once the optical gain exceeds a threshold level (given by cavity and mirror
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Figure 3.1: (a) Detected output power of a bulk DFB laser diode which is excited by a
120 mA,,, 10 GHz sinusoidal signal and a bias currentsd6f mA. (b) 4.4 km of DSF

(D = —19 ps/(km- nm) atA = 1310 nm) is used to remove chirp of the pulses. As a result
pulse compression occurs. (c) Computer simulation of the DFB laser iiffa)= 55 mA,

Inc = T5mAy, ag = 3,1ny = 3, €comp = 2.0- 10717 cn?, 24 = 2.5-10716 cn?,

Qoss = 60 cm !, Rp = 0.05, R = 0.3, L = 250 pum, w = 1.8 um, d = 0.1 um,

Bsp =30-107%, T =023, 7, = 1.8ns,Np = 1.0-10"¥ cm3, B = 9.0 - 107! nPs™!

andC = 3.0-1072° mPs~'. (d) Computer simulation of the pulse compression imthem

of D = —19 ps/(km- nm) dispersive fibre. The optical response of the optical detector was
takenl mv/mw.

losses), these spontaneously generated photons initiate stimulated radiative emission. While
photons are generated, carriers are consumed at a faster rate than they are being generated
by the electrical current. Consequently the optical gain reduces and the optical signal extin-
guishes. In the case of a gain-switched laser diode, the moment of ignition is determined
by the random process of spontaneous emission of photons. This results in timing jitter. In
Fig. 3.1 (a) the laser diode is not completely switched off between two optical pulses in or-
der to reduce timing jitter. Consequently, a continuous signal manifests itself as a floor and
decreases the extinction ratio. A choice must be made between either a reduced extinction
ratio or an increased timing jitter that would limit performance. These compressed optical
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pulses are employed id 10 Gb/s transmission and it) Gb/s t02.5 Gb/s demultiplexing
experiments.

A simplified model for a dynamic single-mode laser

If a DFB laser diode is properly modelled the lasing frequency is determined by the maximum
net roundtrip gain. This maximum is determined by the gain profile, the frequency response
of the grating that is etched near the active layer and the complex reflectivities of the mirrors.
To find this optimum, coupled mode equations are solved to obtain the modal detuning of the
propagation constant from the Bragg wavenumber that corresponds to the etched grating and
the lasing frequency. From these values the threshold conditions can be determined for each
mode. This model involves a complex numerical implementation which is beyond the scope
of this thesis [1]. However, to be able to simulate the propagation of optical pulses in a fibre
and to determine the performance of an RZ formatted transmission system a less complicated
Fabry RErot model is used where only one optical mode is considered: the lasing mode of
the DFB laser diode [2], [3]. In addition, the Fabrgriet model is not z-dependent and can
therefore be evaluated efficiently. The carrier density in the active layer behaves according to
the rate equation

ON I Co 1 2

% = o wid gSng N(TC+BN+CN )- (3.1)
I is the current that flows through the active layeis the elementary charge, L andd are
the width, length and depth of the active layg€ris the photon density ang is the velocity
of light in free space. The group refractive index is denoted pyB andC are the radiative
recombination and Auger recombination coefficientsis the carrier lifetime. The optical
gaing satisfies

dg 1

=—(N—-Np)—F— 3.2
9= o N = No) g (3.2)

T ON

whereg—]{, is the linear gain parametey, is the carrier density at transparency ang,,, is
the gain compression coefficient. The photon density is governed by

oS I'c S
5 = gSn—O ~ = + By BN, (3.3)
g S

I denotes the confinement factgt;, is the spontaneous emission coefficient which is the
fraction of spontaneously emitted photons that goes into the lasing mode [4]. The photon
lifetime, 75, is expressed as

ng 1

(3.4)

Ty=—L—
Co Qoss + Amirror

whereqy, s, IS the internal cavity loss ang,,, ;.- the mirror loss according to

1 1
mirror = == | - o | 3.5
“ oL Og(RF-RR> (3.5)
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Rp andRp, are the reflectivities of the front and rear mirrors, respectively. It is important to
note that the mirror lossy.:+0r, Can be related to the coupling strength of the grating
etched in the proximity of the active layer of the DFB laser diode [5]. For example, an
amirror - L 0f 2.10 corresponds te - L of 1.88. The optical power that appears at the front
facet emanates linearily from the photon density.

2
Pout (t) = nFF%amirror -wlLd - S(t) (36)
Ang
with
1
NFr = . 3.7
L+ /7 (i_§§>
The temporal phase change of the optical field or frequency chirp amounts to
1
9 _ 1,299 n_ Ny (3.8)

ot 2 ny ON

whereay is the line width enhancement factor. Euler’s forward algorithm has been used to
solve these rate equations. Figure 3.1 (c) and 3.1 (d) depict computer simulated pulses based
on the laser diode model described in this section and the fibre model described in Sec. 3.2.
This single wavelength FabryeRSt based model forms the basis of a numerical analysis of
NRZ versus RZ formatted transmission presented in Chapter 4.

3.1.2 External-cavity tuneable mode-locked laser

In order to conduct- 10 Gb/s transmission and demultiplexing experiments an optical pulse
source is required that generates high repetition rate, low jitter pulses of known pulse shape.
But most of all the optical pulses should be narrow enough to be multiplexed to higher bit
rates as is discussed in the introductory chapter. The geometry of the commercially acquired

RF current

bias T

grating
(300 lines/mm)

DC current

AR coating 2
N-ion implant

/“ k output fibre
1.3pm FP laser diodg
A“‘ GRIN lens
Lcavity

Figure 3.2: Commercially available external-cavity tuneable mode-locked laser (ECTMLL)
after [6]

external-cavity tuneable mode-locked laser is depicted in Fig. 3.2 [6]. The laser diode is a
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1.3 um Fabry Rrot buried heterojunction typ250 um long. One side is antireflection coated

and the other side is deliberately damaged by bombardmentWithions. In this way a

fast saturable absorber is created. A graded-index lens directs the laser output to a tilted
grating. The optical wavelength can be tuned by adjusting the tilt afiglef, the grating.

Light is coupled out of the cavity from the bombarded facet into a standard single-mode fibre
(SSMF). This commercially purchased device is used to gensy&iz optical pulse trains.

The wavelength of operation is tuneable fra298 nm to 1314 nm. Within this interval the
soliton shaped optical pulses have a typical widtl2 6f— 3.0 ps. The repetition rate can

be tuned from0.5 GHz to 10.5 GHz by varying the cavity length. The device is capable

of passive (no RF signal is present) and active (RF signal determines repetition rate) mode-
locking. The amount of RF power that needs to be supplied for active mode-locking ranges
from 27 to 30 dBm and is generated by @&n— 11 GHz power amplifier from the master
clock of the pulse pattern generator. A DC bias current betw8emd120 mA needs to be
supplied. The output power equatis8 dBm. In the case of passive mode-locking the device
can be synchronised to an exterh@lGHz optical signal of different wavelength.

3.1.3 10 Gb/s optical modulator

DC+AC RF source DC-blocking capacitor

stripline Ti-doped waveguide

glass capillary

coupler coupler

input output

— z-cut LINbO
Ti-doped waveguide ~ ground s

Figure 3.3: The Mach-Zehnder LiNB@ptical modulator

A LiNbOj; optical intensity modulator imposes a data pattern on an optical continuous signal
or on an optical pulse train. Figure 3.3 displays the schematic configuration of such a com-
mercial modulator. The Ti-doped optical waveguides form a Mach-Zehnder interferometer.
The operation of the modulator is based on the electro-optical properties of the 1.iNh®

optical signal travels in a Ti-doped waveguide and is split up into a upper and lower branch.
In the upper branch, the optical signal experiences a change in phase that depends on an elec-
tric field that influences the refractive index of the LiNh('his electric field is induced by

the co-propagating electrical modulation signal. In the lower branch no electro-optic effect
is experienced. When the upper and lower branch recombine, differences in phase between
the upper and lower branch are converted to differences in intensity. Hence, the intensity
variations of the electrical modulation signals are transferred to variations in intensity of the
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optical signal at the output. The corresponding transfer function satisfies

Paalt) = P22 (1 1 con( "0 1 ), 39)
whereV,(¢) is the voltage of the modulation signdl, is the minimum voltage difference
of the voltage needed for maximum output power and the voltage needed for minimum out-
put power. Py, (t) is the power of the optical input signalA¢ is an offset in phase that
is introduced by different lengths of the upper and lower branchgs, accounts for the
optical excess loss. Generally,,(t) is composed of a bias voltag¥,, »:.s and a voltage
representing the data to be modulatég, 4q:4 ().

Vin (t) = Vm,bias + Vm,data (t) (310)

Vim,data 1S @ signal that is generated by a NRZ pulse pattern generator. logical “1"s and “0"s
are represented by a voltaged¥ and0 V, respectively. To obtain a maximum extinction
ratio between the logical “1”s and “0"s at the output of the modulator, the optical power that
represents a “0” must be minimised by properly adjusiifg;.s to values that equal

1 A
Vm,bias = Vn(Qk - 5 - _¢); (311)
™
wherek is an integer. The commercially purchased optical modulator héd & 3.6 V,
an insertion loss ofy,ss = 4.6 dB and aA¢ = —145° which requires a bias voltage of

Vm.bias = 1.1 V. The pulse pattern generator is able to supply this bias voltage. A difficulty
arises because the maximum output voltage of the PPG epualwhich is significantly

smaller thanl.. Consequently the maximal output power according to Eq. 3.9 will not be
reached. With these parameters an additional loss3tiB must be accounted for. The

PPG generates pseudo-random bit sequences (PRBSs) which contain an equal amount of
logical “1"s and “0”s. Since the “0"s are mapped to zero output power the output power of
the modulator decreases by an additiahdB. Altogether, modulation reduces the optical
power by~ 10 dB. The3 dB electro-optical bandwidth of the modulator equeds) GHz,

large enough for the modulation of1® Gb/s NRZ formatted data signal on optical pulse
trains. [7]

3.2 Optical fibre

Numerous text books have been written on the transmission properties of optical fibres e.g.
[8], [9]. In Sec. 1.3 the nonlinear Satdinger equation has been introduced. Equation 1.12
contains three parameters that describe the propagation of optical fields in optical fibre; the
dispersion, the fibre nonlinearity and the attenuation. It has also been shown that in the ab-
sence of loss a pulse shape exists that remains unchanged as long as the dispersion and fibre
nonlinearity act in opposite ways on the pulse. This pulse shape can be determined analytic-
ally and is called a soliton. In the case of a lossy fibre, soliton transmission is not supported
and analytical expressions for the time and distance dependent pulse shape are generally not
available. Theoretical evaluation of the propagation of optical signals in nonlinear dispersive
lossy fibre requires the nonlinear Sobiriger equation to be solved numerically. The numer-

ical procedure that is implemented is the split-step Fourier method which is described in the
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literature [8]. In order to perform simulations of optical transmission or to study the beha-
viour of optical pulses in fibre it is necessary to determine the three parameters that control
the nonlinear Scludinger equation. Data sheets and literature were used to arrive at useful
parameters that allow realistic simulations of nonlinear propagation in SSMF and DSF. The
optical loss can be determined very accurately and easily with an optical source and a power
meter. This in contradiction with the determination of the fibre dispersion and the fibre non-
linearity. Generally, the fibre nonlinearity and fibre dispersion depend strongly on the core
geometry and composition. Many researchers have measured the nonlinear refractive index
n that forms the basis of the fibre nonlinearity

27(712

= 3.12
0 VI (3.12)

whereA,; is known as the effective core area. Valuesifewvarying betweer2 - 10-2° and
4-1072° m*W~! have been measured for SSMF. Numerical simulations in this thesis use
ns = 3.2-1072 m*W~" andA,;; = 35 um? atA = 1310 nm, which are common values in

the literature [8], to arrive at a fibre nonlinearitypf= 4.4 W='km™'. The in the literature
more commonly used dispersion paramddgihat is related t@; by

2me
Y

The zero dispersion wavelength is derived from measuring pulse broadening of low-power
narrow optical-pulses in an SSMF fibre. The wavelength where pulse broadening is minimal
is the zero dispersion wavelengthp. At Ap = 1308 nm minimal pulse broadening is
observed. The dispersion slope)at is approximated to be.1 ps/(nnt - km). The average

fibre loss aggregates (036 dB/km. For thet.4 km of dispersion-shifted fibre the same value

for the fibre nonlinearity is assumed. The dispersion parameter ejuals-19.5 ps/(nm-

km) at\ = 1310 nm with a slope 0f).084 ps/(nnt - km). Fibre losses are determined to be
0.39 dB/km [10].

D= Bo. (3.13)

3.3 Polarisation insensitive MQW amplifier modules

The polarisation insensitive amplifiers that are used as amplifying and nonlinear elements
in the experiments described in Chapter 4 and 5 have been designed and manufactured by
Uniphase Netherlands B.V. When the amplifiers are packaged they are referred to as amplifier
modules and when they are implemented on a printed circuit board with network management
they are called optical repeater units (ORUSs). The first amplifier modules made available had
polarisation insensitive optical isolators incorporated which reduced backward reflections of
ASE and optical signals. In Table 3.1 at page 81 the amplifiers with serial numbers 27, 39, 47,
50, 56 and 57 are of this uni-directional type. The average values of these parameters have
been used in the numerical transmission experiment of Sec. 4.1. The typical coupling loss
of the in- and output fibres to the actual amplifier chip is estimatédsat- 3.5 dB. These
amplifiers have formed the basis of early experiments by Reid and Liedenbaum on soliton
transmission [11], [12] and continue to do so in high speed all-optical demultiplexing and
transmission experiments that are described in the remainder of this thesis. Today, the nearly
polarisation insensitive amplifier modules do not contain built-in isolators but require external
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Figure 3.4: Close up of a multiple quantum well semiconductor optical booster amplifier.

optical isolators that are spliced onto both fibre pig-tails of the amplifier module. Figure 3.4
displays a close up of the package the amplifier chips are assembled in. In the exceptional
case of a booster amplifier module two optical TE-wave isolators are implemented in the
module. For implementation in a TOAD the amplifier must be bi-directional. Amplifier #5

is to be employed as the nonlinear element in the Sagnac based TOAD. Amplifier modules
#251 to #258 are implemented in eight optical repeater units that were used in a field trial
in the German fibre network, between the cities of Kassel and Hannover [13], and were later
used for a10 Gb/s all-optical time-domain multiplexed transmission laboratory experiment.
Table 3.1 provides values for the numerical models developed in Chaptas Phe amplifier
length,! is the bias currenf]” is the operating temperaturk, is the wavelength of the peak
gain.G), is the peak gainBW is the—3 dB bandwidth Ps,; , is the saturation output power

at 3 dB gain compression(71319 and P;,,1310 are the gain and saturation output power

at A = 1310 nm, respectively. N F' is the noise figure and,;. is the total ASE power

that is measured at the output. For the gains, wavelengths and saturation output powers
different values are available for TE and TM polarisation. Since the amplifiers are assumed
to be polarisation insensitive the numerical models have not been adapted for TE and TM
parameters. The assumption of a random state of polarisation justifies the utilisation of the
average value of TE and TM data. Mostly, deviations between TE and TM parameters are
limited to -1 dB. The relation between the saturation enefgy,, and the saturation output
power at3 dB gain compressios,: 3 ¢g., iS described by

Tec

Eyat = ——Psat3 ap- 3.14
t log(2) t,3 dB ( )

To ensure stable operation, the amplifiers are temperature controlled using an internal Peltier
element and thermistor combination.
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3.4 Optical detectors and receivers

3.4.1 PIN photodiode based detector

A commercially available5 GHz PIN detector directly connected t6@GHz communica-

tions analyser (sampling oscilloscope) was used to monitor optical signals in the time domain.
At 1.3 um the opto-electronic conversion factor of the detector equasmA/mwW which
corresponds td3 mV/mW into a50 2 load. This detector was used for temporal visual-
isation of high speed signals. It must be noted that for examplé &b/s demultiplexed

signal is considered high speed because the pulses are of the same width as the pulses of the
multiplexed signal and therefore require an equal bandwidth.

3.4.2 2.5 Gb/s receiver

DC block
””””””” 50 Q terminator
‘ [ data: 400mV,,,
§ ! 28 dB limiting gain stage
1 ; SL1600 —
25Gbls CZTHT 3.15 GHz 2.5 GHz 25 Gbitls
_optlcal : ; } } data and clock
input 3 3 %Cl L . recovery
,,,,,,,,,,,,, monitor
) L = module —
pin photodiod x
FRE 9 frontend DC block post detection filter clock: 400mVp,

Figure 3.5: Schematic diagram of theés Gb/s receive path. The balanced optical front-
end was developed by Uniphase Netherlands B.V.. The passive stop-band filter removes the
2.5 GHz spectral component. An amplifier stage and a limiting amplifier amplify the filtered
signal to a level where an SL1600 chipset from Lucent Technologies recovers the clock and
data pattern.

A preliminary experiment where B) Gb/s signal is demultiplexed &5 Gb/s requires an
optical receiver to measure its BER performance. Figure 3.5 displays the block diagram
of how this receiver is realised. An experimental front-end, made available by Uniphase
Netherlands B.V. performs the conversion from the optical domain to the electrical domain.
One of the outputs of the balanced receiver is AC coupled36 & terminator while the

other output is fed to a post detection filter. The signal that is to be detected is a RZ formatted
PRBS data signal. The data and clock recovery module requires a NRZ formatted data signal.
The main difference between the spectrum of an RZ PRBS signal and a NRZ PRBS signal
is the absence of a spectral component located at the frequency that equals the bit rate in
the spectrum of the NRZ formatted signal. To allow the clock and data recovery circuit
to function properly the.5 Gb/s RZ signal is filtered with a linear filter that removes the

2.5 GHz spectral component. Figure 3.6 displays the transfer function of the post detection
filter. It can be observed that tRet9 GHz component is attenuated by more tBamB. The

exact frequency is tuned by an adjustable capacitor. It must be noted that the exact bit rate
agrees with the SDH-16 (standard digital hierarchy) standa2di88 Gb/s. The response of
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Figure 3.6: Frequency response of the post detection filter.

the front-end is measured and depicted in Fig. 3.7. The bandwidth of the receiver exceeds the
4 GHz with a responsitivity 020 mA/mW into 50 Q. After the filter and limiting amplifier

stage the frequency response of Fig. 3.8 shows that the bandwidth has been reduced to
2.1 GHz and that the.49 GHz component remains suppressed. After the limiting amplifier
stage the RZ data signal has transformed into a NRZ like data signal and is reconstructed in
the clock and data recovering chipset. The ouput of this chipset is conne@&dGb/s bit

error rate (BER) test equipment while at the inp@fa- 1 PRBS, RZ signal is applied. The
pulses are generated by the DFB-diode treated in Sec. 3.1.1 and modulated with thg LiNbO
modulator introduced in Sec. 3.1.3. An adjustable optical attenuator attenuates the signal
to a level where it can be fed into the receiver. Generally when the power at the input of
the receiver (received power) is reduced system noise will result in wrong decisions made
by the data recovery circuit. Consequently more errors occur. In other words, the system
performance decreases. Figure 3.9 shows the bit error rate performance of the receiver versus
received power fo27 ps andl6 ps wide pulses. At a BER dfo—? a2 dB power difference
(power penalty) in received power exists between2h@s and thel6 ps pulses. It may be
concluded that this RZ receiver is not ideal i.e. the performance depends on the pulse width
of the data signal. The introduction of the post detection filter results in different propagation
times for different spectral components of the detected signal. The spectral content of the
27 ps optical pulses deviates from tthé ps optical pulses. For different pulse widths this

will result in different “eye-closure” and bit error rate curves.
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Figure 3.7: Spectral response of the FRE 09 optical front-end.
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Figure 3.8: Spectral response measured after the limiting amplifier.
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3.4.3 10 Gb/s receiver
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Figure 3.10: Schematic diagram of th@ Gb/s receive path. The balanced optical receiver
has been developed by Uniphase Netherlands B.V.. Lucent Technologiesribeé¥j de-
signed and implementedl@ Gb/s physical SDH interface around this front end. The passive
RLC-microstrip filter removes the) GHz spectral component from the in amplitude limited
signal after which the OQT098C1 chipset performs electrical clock and data recovery and
demultiplexes thé@0 Gb/s into four2.5 Gb/s signals of which one signal is made available
via an RF connector [17].

The receive path of th&é0 Gb/s receiver is significantly different compared to that of the
2.5 Gb/s receiver. Instead of the utilisation of only one of the two balanced outputs, a fully
balanced receiver is designed, similar to the receiver developed within the European ACTS
project “Upgrade” [18]. The FRE 102 AV front end designed by Uniphase Netherlands B.V.
exhibits an opto-electronic frequency response depicted in Figs. 3.11 and 3.12. The main
advantage of employing a balanced receiver is that a flatter response is obtained and that the
signal to noise ratio improves by approximatglyB. The opto-electronic frequency response

of the receiver with limiting amplifier and post-detection filter is displayed in Figs. 3.13
and 3.14 for the single output and balanced output, respectively. In comparison with the
response of th2.5 Gb/s receiver the suppression of the before mentioned spectral component
is clearly visible and of the same order of magnitude. As in the case @tih®b/s receiver

BER curves are measured (see Fig. 3.9). This has been doRé foii PRBS data signals
composed o020 ps pulses from the DFB laser diode and 205 ps pulses generated by the
external-cavity tuneable mode-locked laser. In this case a difference in receiver sensitivity
(for BER = 10~?) of 0.7 dB exists which makes the receiver almost independent of the pulse
width of the RZ pulses.
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Figure 3.12: Frequency response of the balanced FRE 102 AV optical front-end.
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3.4.4 Optically preamplified receiver

Semiconductor optical amplifiers can be placed before the input of the optical front-end to
form an optically preamplified receiver. These optically preamplified receivers exhibit an
improved receiver sensitivity as less power is required at the input of the amplifier to ob-
tain the same power at the input of the photodiode. A typical configuration of an optically
preamplified receiver is depicted in Fig. 3.15. Attenuator-1 attenuates the input signal so that

attenuator-1 optical isolator attenuator-2 data
PN [
5 a 574 =={} ;- v [dock
Pec 1 tuneable filter-1  SOA tuneable filter-2 B,

Figure 3.15: Optically preamplified receiver

the BER sensitivity on received signal powe.. 1, can be measured. The first optical filter
eliminates the outband ASE added to the signal, e.g. by a cascaded amplifier link, after which
the signal and inband noise are amplified by the SOA. Again, the optical signal is filtered to
eliminate the outband noise introduced by the optical preamplifier. This signal is fed into the
PIN receiver via attenuator-2. The main function of the second attenuator is to avoid over ex-
posure of the photodiode. The performance of an optically preamplified receiver is limited by
the noise figure of the SOA. Significant improvements of more tlfedB in receiver sensit-

ivity can be obtained. In Chapter 4 and 5 the performance of optically preamplified receivers
is enhanced and improved BER performance is demonstrated in a variety of experiments.

3.4.5 Theoretical model of an optical receiver

In this section a receiver model is presented that describes the detection and determination
of a bit error rate mathematically [19]. This model is implemented numerically and used to
perform simulations that are presented in Sec. 4.1. Generally the input signal of the receiver
contains a data signal that is to be received. This signal will be referred to as the line signal.
In the case where an all-optical demultiplexer is used to reduce the bit rate of the line signal,
the data signal is also referred to as the demultiplexed (line) signal. If SOAs are used to
amplify the optical signal a broad-band ASE spectrum is present. An optical band-pass filter
(OBPF) is inserted before the photodiode of the receiver to reduce the amount of ASE that
lies outside the spectrum of the line signal. In this model the filter is assumed to have a square
transfer function centred at,;,; = Aine and with a bandwidth oA\,;,s. The loss of the

filter is denoted byv,pps. Let Prine,in(T) @NdSyse,in(A, 7) be the input line signal and the
input ASE noise signal, respectively. The photocurrent for the line signal and noise signal
can be expressed as

776>\line

Ijine (T) = coh

obpf Pline,in (), (3.15)




90 CHAPTER 3. KEY COMPONENTS AND SYSTEM BLOCKS

and

1

eXopb Aobpf+35ANobp s

Iase (T) = 1 O;Z ! Qobpf / Sase,in (A, T)dAa (316)
o Aobpf =5 Aobp s

wherey is the quantum efficiency of the detector. Furthermore, the receiver has also an elec-
trical bandwidthB, .. .. The optical bandwidti\ ., ¢ in [m] is converted to [Hz] according
to

C

2
/\opbf

Breeo = Adosps- (3.17)

The electrical power of the signal is found by
S(r)y=C-1I},,. (3.18)

C'is a constant that contains the impedance of the medium where the power is determined.
The total noise power is composed of shot noidg(;), signal-spontaneous beat noise
(Nsig.spont), SPONtaneous-spontaneous beat NaW&g 4,¢,spont) @and thermal noise\inerm).

thus

N(T) = Nshot + Nsig,spont + Nspont,spont + Ntherm- (319)

The noise components satisfy

Nohot = C- 2Bee(Iline + Iase) (320)
Biec,e
Nsig,spont = C- 4IlineIase ’ (321)
Brec,o
2Brec,o - Brec,e
Nspont,spont = C- IgsgBrec,eBQ— (322)
Niherm = C- Itzhe»,-m- (323)

The noise power that is introduced by the amplifier of the optical front end is contained in
Ninerm- At this point the signal to noise ratio of the signal at the output of the front-end is
determined. Between the output of the front-end and the input of the clock and data recovery
usually a filter is situated. The data and clock recovery module sees the following input

S'(1) = S(7) * prie(7) * Praat(—T) (3.24)
and
N'(t) = N(r) *prite(T) * prie(—7), (3.25)

wherep ;i (1) is the impulse response of the filter and thstands for a convolution. The
shape of the filter can for example be square in which case an integrated dump receiver is
simulated. Usually;; (7) is the impulse response of a low pass filter. The filter does not add
noise to the system. The data and clock recovery unit usually consists of a sample and hold
circuit followed by a comparator to determine whether the output should be considered high
or low i.e. alogical “1” or “0”. To this end a threshold level,;,, and sample times;qmpie




3.5. MISCELLANEOUS COMPONENTS 91

are defined. An analytical expression for the BER is found if the ndide assumed to be
Gaussian distributed. Under these circumstances the variation of the Gaussian distribution is
equal toN'(7). The bit error rate for an expected logical “0” equals

(p— Sl(Tsample))2>dp (326)

1 o0
= — ex —
\ 27er(Tsample) /A””« p( 2NI(TSflmpl€)

and for a logical “1”

&

P (3.27)

_(p— S’(Tsampze))2>dp_

1 Athr
= exp
V 27TJVI(Tsample) /foo ( 2]VI(Tsmn;ole)

In the case of a pseudo random bit sequence (PRBS) the amount of logical “0"s approximates
the amount of logical “1”. The total bit error rate can be expressed as

1 1

The sample moments, . + n1} are periodic with the bit rate. For different values for
Tsample = [0, T3] and different values fad,p, = [S}],in, Smae) the average bit error rate can

be calculated over all the bits that form the PRBS signal.

3.5 Miscellaneous components

3.5.1 Tuneable optical filters

In the experiments treated in this thesis optical tuneable filters have three different functions.
First, semiconductor optical amplifiers generate wide band ASE. During transmission, the
line signal is flooded with this ASE. At the receiver the line signal is detected preferably
without the ASE. In this case a tuneable filter passes the line signal and rejects the ASE.
Secondly, at the output of an all-optical demultiplexer an optical filter discriminates the de-
multiplexed signal from the switch signal. Thirdly, the optical clock-recovery circuit treated

in Sec. 5.2 and the all-optical cross-gain modulated ring laser discussed in Sec. 5.1 require
a tuneable optical filter that determines the wavelength of operation. In the case of the all-
optical clock-recovery circuit the bandwidth of the filter determines the width of the recovered
clock pulses. Except for one self assembled tuneable filter all tuneable filters were commer-
cially acquired. The filters are composed of multiple layers of thin films. Operation of the
filters is based on interference of transmitted beams which leave the thin films after repeated
reflection at the interfaces of the thin multilayers that form the filter. The wavelength for
which constructive interference occurs in the forward direction (pass band) depends on the
angle of incidence. Hence, rotation of a substrate with thin film layers deposited on it allows
the selection of a wavelength that is passed to the output. The bandwidth of an optical filter
must be adjusted to the bandwidth of the optical data signal that is filtered.

Pulses that are generated by the DFB laser diode are filtered witimawide optical filter.
Pulses that are generated by ttieGHz external-cavity mode-locked laser (see Sec. 3.1.2)
are passed through2ab nm wide filter. The insertion loss of ttie5 nm wide filter cassettes
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is below0.5 dB and the loss of the collimator module in which the filter-cassettes are inserted
lies below0.4 dB. The twol nm wide filter cassettes have insertion losses bdldndB.

An additional filter cassette has a bandwidtth@& nm and an insertion loss 6f5 — 2.0 dB.

The home made filter has an insertion los2.06fdB and a bandwidth df nm. All filters are
tuneable from 290 nm to 1330 nm. Polarisation dependent losses are b&lgndB [20].

3.5.2 Adjustable optical delay lines

Optical delays are inserted when a signal needs to be delayed with respect to other signals.
Commercially available adjustable optical delays are employed in the all-optical demultiplex-
ing experiments [21]. TwO — 200 ps, and & — 300 ps adjustable delays are available. The
insertion loss of the two to 200 ps optical delays varies betweerd4 and1.62 and between

1.61 and2.13 dB, respectively. Thé® to 300 ps delays exhibit an insertion loss @85 to

1.95 dBm. Polarisation dependent losses are less@lt®ndB. Furthermore, home made op-

tical delay lines are constructed by aligning two collimating lens ferules at a certain distance
and fasten them with a clip. The lens ferules have an anti-reflective coating. The insertion
loss of these delays depends strongly on(the 120 ps delay. The maximum insertion loss
amounts ta3 dB. Polarisation dependent loss was not observed.

References

[1] L.M. Zhang and J.E. Carroll. Large-signal dynamic model of the DFB |la$eEE
Journalof QuantumElectronics, 28:604—611, 1992.

[2] K. PetermannLaserdiodemodulationandnoise, pages 5-58. Kluwer Academic Pub-
lishers, 1991.

[3] G.P. Agrawal, N.K. Dutta, and S. Mitrd.ong-wavelengtlsemiconductolasers, pages
287-321. Van Nostrand Reinhold, New York, 1986.

[4] G.P. Agrawal, N.K. Dutta, and S. Mitrd.ong-wavelengtlsemiconductolasers, pages
224-227. Van Nostrand Reinhold, New York, 1986.

[5] K. Petermann. Laserdiode modulationand noise, pages 50-51. Kluwer Academic
Publishers, 1991.

[6] R.Ludwigand A. Ehrhardt. Turn-key ready wavelength, repetition rate and pulsewidth-
tunable femtosecond hybrid modelocked semiconductor lagdectronicsLetters,
31:1165-1167, 1995.

[7] Sumitomo Osaka Cement Co., LTD., 1, Kanda Mitoshiro-cho, Chiyoda-ku, Tokyo 101,
Japan.LiNbO; opticalmodulatorspperationrmanualandinspectionpasssheetmodel
T.MZ 1.3-20,MZ4-134-8-4561.

[8] G.P. Agrawal. NonlinearFiber Optics. Optics and Photonics. Academic Press, New
York, second edition, 1995.

[9] A. Hasegawa and Y. Kodam&olitonsin opticalcommunications. Oxford University
Press, Oxford, 1995.

[10] Plasma Optical Fibre B.V., Zwaanstraat 1, 5651 CA Eindhoven, The Nether@ats.
sheetof BF10961Bdispersiorshiftedfibre.




REFERENCES 93

[11] J.J.E. Reid, C.T.H.F. Liedenbaum, et al. Realisation of 20 Gbit/s long haul soliton
transmission at 1300 nm non standard single mode fibr@rdoeedingsf ECOC'94,
volume 4, pages 61-64, 1994,

[12] C.T.H.F. Liedenbaum, J.J.E. Reid, et al. Experimental long haul 1300 nm soliton
tranmission on standard single mode fibres using quantum well laser amplifiers. In
Proceedingsf ECOC’'94, volume 1, pages 233-236, 1994.

[13] A. Mattheus, H. Gruhl, J.J.E. Reid, et al. Final report on link for technical exhibition.
“Upgrade” Deliverable D6221 AC045-tzd-ams-DS-P-025-b1, European Commission,
Advanced Communications Technologies & Services, Brussels, Belgium, 1997.

[14] Uniphase Netherlands B.V., Prof. Holstlaan 4, 5656AA Eindhoven, The Netherlands.
Datasheetof COF88 MOW polarisationinsensitiveisolated semiconductoioptical
amplifiermodules#27,#39,#47 ,#50,#56 and#57.

[15] Uniphase Netherlands B.V., Prof. Holstlaan 4, 5656AA Eindhoven, The Netherlands.
Datasheetsf COF881MQW semiconductoopticalboosteramplifiermodules#l, #2
and#212.

[16] Uniphase Netherlands B.V., Prof. Holstlaan 4, 5656AA Eindhoven, The Netherlands.
Datasheetof COF882MOW semiconductooptical amplifier modules, #5, #238,
#251-258#301,#322and#323.

[17] Lucent Technologies Germany, Thurn-und-Taxis-Str. 10, D-904khidérg, Germany.
Manualof 10 Gb/sRZ receiver.

[18] C. Schulien, B. Teichmann, and J.J.E. Reid. Specification of NRZ/RZ conversion for
STM-64 transmission. “Upgrade” Deliverable D5111 AC045-att-csn-DS-R-005-b1,
European Commission, Advanced Communications Technologies & Services, Brussels,
Belgium, 1996.

[19] N.A. Olsson. Lightwave systems with optical amplifierslournal of Lightwave
Technology, 7:1071-1082, 1989.

[20] Tecos GmbH, Scheibenstr. 47, 4047943éldorf, Germany.Datasheet®f tunable
opticalfilters, K-403,KC-057,KC-069,KC-106,KC-107,KD-071,KD-086,KD-151,
KD-197,KD-208 andKD-209.

[21] Santec Corporation, Micom Valley Tohkadai, Kamisue, Komaki, Aichi 485-0822, Ja-
pan. Datasheet®f adjustableoptical delaylines (ODL300/ODL320)96141,97191,
98052.




94

REFERENCES




Chapter 4

10 Gb/s transmission experiments

The choice of a NRZ or RZ data format depends on the possibilities for multiplexing a NRZ
or RZ signal and on the transmission properties and performance of NRZ and RZ modulated
signals in SOA cascaded links. In Sec. 4.1 computer simulations are presented that show
the BER performance of an optically repeatered transmission system employing SOA mod-
ules for RZ and NRZ formatted data [1]. Numerical results are obtained from the models
introduced in Chapter 2 and 3. The performance of an RZ formatted transmission system is
experimentally investigated for a long-haul optically repeatered and unrepeatered link. Sec-
tion 4.2 provides experimental data that gives insight into the optimum performance of two
SOA based transmission systems [2], [3]. Key components and system blocks that are util-
ised in these experiments have been described in Chapterl3 Ain, Raman amplification
provides an alternative means of loss compensation. Section 4.3 treats a distributed Ra-
man amplifier based transmission experiment [4]. The transmission experiments discussed
in Sec. 4.2 employed a sinusoidally modulated DFB laser diode. In Sec. 4.4 this source
is replaced by the external-cavity mode-locked tuneable laser of Sec. 3.1.2. For different
wavelengths and link input powers the transmission performance is investigated of a four
section200 km link with high gain SOA modules. Data obtained from this experiment is
used to improve the transmission link to allow successfull transmissiod®fzb/s OTDM

signal in Chapter 5.

4.1 RZ (soliton) versus NRZ formatted transmission

Pages 96-99 display material presented at the IEEE Third Symposium on Communications
and Vehicular Technology in the Benelux on a numerical investigation of the performance of
NRZ and RZ (soliton) based SOA cascaded transmission systems [1].

4.2 Repeatered and unrepeatered RZ transmission

Pages 100-103 contain published material in the System Technologies volume of the Trends
in Optics and Photonics Seriesdf Gb/s long-haul transmission experiments [2], [3].
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CHAPTER 4. 10 GB/S TRANSMISSION EXPERIMENTS

10 Gbit/s Long Haul Soliton versus NRZ Optical
Transmission in the 1300nm Window

Robert C.J. Smets, Jean G.L. Jennen

Eindhoven University of Technology, Building EH 12.25, P.O. Box 513, 5600 MB Eindhoven, The Netherlands

Abstract— We have compared the operation and applicabil-
ity of soliton transmission systems versus NRZ (Non Return
to Zero) transmission systems for the 1300nm optical win-
dow. For a different number of in-line amplifiers the BER
(Bit Error Rate) curves of both transmission systems have
been simulated. For both systems the same fibre disper-
sion and attenuation has been assumed and all amplifier
gains have been chosen so that the fibre losses are compen-
sated for. In case of the soliton system an extra dispersion
shifted fibre has been located directly after the laser diode
to unchirp and compress the laserpulses. With respect to
the BER simulations, soliton and NRZ transmission systems
are expected to be competitive. Transmission exhibiting an
error probability below 10—? is attainable for both systems.
Under equal circumstances, we conclude from our simula-
tions that soliton systems show better BER performance
than NRZ systems beyond 450 km. Owing to the disper-
sion compensating properties soliton transmission systems
are advantageous when long haul transmission is considered.
However, NRZ transmission is both a well established and
relatively simple technique and can be more readily imple-
mented.

I. INTRODUCTION
Since the introduction of standard single mode fibre
(SSMF) more than 55 million kilometers has been
installed. At present 2.5 Gbit/s data transmission
has become a commercial standard. In the near fu-
ture the increasing demand for more network capac-
ity can be satisfied by introducing 10 Gbit/s transmi-
sion systems. The very low dispersion in the 1300 nm
window of SSMF makes a 10 Gbit/s system attrac-
tive. Considering the recently achieved progress in
the development and use of quantum-well laser ampli-
fiers (QWLASs) [1], [2], [3], attenuation of over 50 km
of SSMF can be easily compensated for, making re-
peaters superfluous. Recently, more and more promis-
ing experimental results are being published on NRZ
[4] [5] as well as soliton transmission. Even 20 Gbit/s
soliton transmission over 200 kin [6] has been realised
as well as 2 x 10 Gbit/s wavelength division multi-
plexed NRZ transmission over 63.5 kn [5]. As solitons
can be multiplexed easily in the time domain it is more
likely that for higher bitrates (i.e. > 40 Gbit/s) soli-
ton systems will be prefered to NRZ systems whose
maximum bitrate is limited by the maximum achiev-
able electrical bandwidth in current electronics. Al-
though the literature available on soliton as well as
NRZ systems is extensive, theoretical study on long

| pres | | *&‘ L — %>
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Transmitier| | |50 km SSMF|

BER *f
I Detector [*] Optical
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(A) Optical Transmission System
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Output D@ ¥3 Output
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Figure 1: Optical Transmission System (A), Soliton Transmitter
(B1), NRZ Transmitter (B2)

haul transmission systems with cascaded QWLAs is
not yet complete. The effects of amplifier satura-
tion, ASE and timing jitter on system performance
still need investigation. In this paper we compare the
performance between a 10 Gbit/s NRZ system [4], [5]
and a 10 Gbit/s soliton system theoretically by means
of computing bit error rate (BER) curves.

II. TRANSMISSION MODEL
Figure 1 shows the NRZ and soliton transmission
system. In the case of NRZ transmission the laser
diode is directly modulated with the PRBS signal.
The soliton system requires a more complex transmit-
ter. Chirped near-soliton pulses are generated by gain
switching of the laser diode and unchirped and com-
pressed in the dispersion shifted fibre after which the
optical modulator modulates the data on the soliton
train. Finally, the power is boosted by a QWLA up to
a level where nonlinear effects compensate dispersion
effects in the SSMF. Both soliton and NRZ transmis-
sion systems are built up out of eight different compo-
nents figure 1, namely QWLAs, fibres, a laserdiode,
a photodiode, a PRBS generator, a BER detector, a
filter and an attenuator. The soliton system needs
an additional modulator. Therefore nine models are
needed for a theoretical description of both systems.

QWLA model
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The model used to describe the QWLAs is based upon
the rate equations in [7] and [8], where the z-depen-
dence has been eliminated by integration over the am-
plifier length L. The ASE is wavelength dependent [4],
namely:

2
Pout(7,\) = Prn (7, )\)eh(r,/\) + h% geh(n/\)d)\ (1)

with .,
hr3) = [ glemNdz, ©
0
1
LPout(Tv >\) = Pin (Ta )\) - iallh(ﬂ )‘) (3)
and
Oh(t,)) 7h(7’, A) —go(A)L
or Te
A p. )
2 3 (7, 20) [ Psar(A) (eh(m) . 1) . (4)
Te

where 7. is the carrier lifetime, Py, (\) represents the
1/e saturation output power, go(A\)L represents the
small signal amplifier gain, h(7, A) is the time depen-
dent amplifier gain, ayy is the linewidth enhancement
factor, dX is the wavelength discretisation stepsize, h
is Planck’s constant, ¢ stands for the velocity of light,
NF is the fibre coupled noise figure, and P, (7, \;)
represents the total inputpower to each amplifier, i.e.
the sum of input signal power and ASE originating
from the previous amplifiers. 7 is the reduced time
with respect to a reference plane moving with the sig-
nal (r=t— i with v, the group velocity). The am-
plifier is assumed to have zero reflecting input/output
facets and to be polarization independent. The gain
is assumed to have a Gaussian shaped spectrum. The
equations are numerically solved using Euler forward
iteration.

Fibre model
Propagation in the fibre is discribed by the nonlinear
Schrddinger equation [9],

0A @ i 0’A

= =—— A P +iyAPA 5
gz~ 2t e RN 6)
where A is the slowly varying envelope of the optical
signal, o represents the losses in the fibre, v is the non-

2

linearity parameter and 3, = 7D2)‘—m is the dispersion
parameter. D is the dispersion. Eq. 5 is numericaly

solved using the split-step Fourier method.

Laser diode model
The model employed is a simple Fabry Perot model

where the z-dependence has been eliminated [10].
Laser pulses are generated by gain switching of the
laser diode. After transmission through a dispersion
shifted fibre, the pulses closely resemble soliton pulses.
In the case of NRZ modulation the signal shows an
extinction ratio and slopes equal to experimentally
observed values.

Photodiode model

The optical signal is converted to the electrical domain
by the photodiode as described by [11]. A quantum
efficiency of 0.8 is taken. The model includes shot
noise, signal-spontaneous beat noise, spontaneous-
spontaneous beat noise and thermal noise. The elec-
trical bandwidth is 10.2 Ghz and the thermal noise
is adjusted, so that the receiver has a senstivity of
—13.7 dBm at 10 Gbit/s NRZ and a BER of 107, in
agreement with measured data (figure 2).

Optical filter

The optical filter is assumed to be square and suffi-
ciently broad with respect to the signals bandwidth.
The optical filter reduces the ASE by allowing only
a small fraction of the ASE spectrum to pass. The
effective bandwidth of the filter is 2 nm and the filter
introduces a loss of 2 dB.

Optical attenuator

The optical attenuator is used primarily to attenuate
the signal in order to compute BER values for different
receiver input powers.

Optical modulator

The optical modulator has only functionality in the
soliton system. Its purpose is to modulate the soliton
train. When the modulator is excited by a logical one,
a raised-cosine window is opened letting a soliton pass.
When a logical zero is applied, a window of smaller
amplitude is opened, attenuating the soliton. The
optical modulator introduces a loss of 5 dB. The roll-
off factor of the raised cosine function is 8 = Tp/2,
with T}, the bit time. the
ratio between the peak power of a logical one and a
logical zero is equal to ER = 20.

PRBS generator and BER detector

The PRBS generator generates a 27 — 1 pseudo-
random bit sequence. The BER detector computes
the optimum BER for a number of detection thresh-
olds and sampling times, assuming a gaussian distri-
bution for all noise sources. The BER is obtained by
averaging over all 27 — 1 bits. We emphasize that the
clock of the PRBS generator is used to sample the re-
ceived data and that there is no clock recovery at the
receiver.

The extinction ratio i.e.
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Figure 2: Measured and simulated BER curves in absence of clock
recovery, ER =6

IIT. COMPUTER SIMULATIONS

At 1300 nm the 50 km SSMF sections exibit a loss
of @ = 04 dB/km and a dispersion of D =
0.6 ps/km/nm and a nonlinearity parameter of vy =
2.1 W/km. The 3 km dispersion shifted fibre ex-
ibits a loss of @ = 0.4 dB/km and a dispersion of
D = —17ps/km/nm. The QWLAs are adjusted
to a gain of 22.5 dB at the signal wavelength of
A = 1310 nm, almost equal to the loss of the 50 km
fibre span. A 60 nm gain bandwidth was assumed.
The fibre to fibre noise figure of the amplifier was esti-
mated at 9 dB. For the 3 dB saturation output power
Py43¢gp = 10 dBm was assumed. The linewidth en-
hancement factor was estimated at oy = 5. For
the gain-recovery time 7, = 200 ps was taken. Using
the NRZ or soliton transmitter a power of 2 dBm or
6 dBm respectively, is launched into the first fibre sec-
tion. All computer simulations were carried out with
the same algorithms. The only difference between the
NRZ and soliton simulations is the number of sample
points per bit. Because the phase of the solitons is
of major importance, 256 sample points per bit were
used for soliton simulations while 20 sample points
sufficed in the case of NRZ simulations. Figure 2
shows measured and simulated NRZ BER-curves with
an extinction ratio of ER = 6. The good agreement
between the measured and theoretical curves validates
our model.

IV. DIscussioN
Figure 3 depicts the simulated BER-curves for NRZ
and soliton transmission over 150 km and 200 km.
The higher receiver input power of the soliton sig-

10 Ghit/s NRZ and soliton PRBS receiver sensitivity
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Figure 3: Simulated NRZ and soliton BER curves in absence of clock
recovery, ER = 20
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Figure 4: Simulated NRZ and soliton BER curves in absence of clock
recovery, ER = 20

nal is due to the amplifier in the soliton transmitter,
therefore better BER performance is expected. Addi-
tional simulations reveal that this different behaviour
can be explained by the absence of clock recovery.
As solitons are sensitive to timing jitter caused by
saturation and soliton interaction, timing jitter is ex-
pected to be the most likely cause. In contrary to
NRZ transmission it can be clearly seen that in the
case of soliton transmission at 200 km a better BER is
obtained with less input power than at 150 km. The
same result is obtained for longer transmission links,
presented in figure 4. However, after 450 km no fur-
ther improvement is observed. Additional simulations
show that the improvement of the soliton signal could
be explained by lesser non-linear effects in the fibre
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Figure 5: Receiver sensitivity versus transmission distance at BER =
107°

caused by saturation of the amplifiers resulting in a
broadened pulse which is less sensitive to timing jit-
ter, resulting in a better BER. The degradation after
450 km is probably caused by less dispersion compen-
sation due to diminishing output power caused by sat-
uration of the amplifier by ASE. By placing an addi-
tional ASE-filter at 450 km we expect to increase the
maximum transmission distance at a BER = 1077,
In contrary to NRZ transmission soliton transmission
simulations did not reveal BER floors however. Fig-
ure 5 shows that the receiver sensitivity of the NRZ
system at BER = 10~ in contrary to the soliton
system is strongly dependent on the transmission dis-
tance due to built up ASE. Only after 450 km the soli-
ton system shows a better sensitivity. When a BER
of 1072 is required, a soliton system is prefered when
more than 350 km needs to be bridged.

V. CONCLUSION

A transmission model has been presented for simula-
tion of NRZ and soliton systems. With respect to the
simulated BER curves we expect soliton transmission
to be superiour to NRZ when long haul transmission
systems beyond 450 km are considered. Timing jitter
caused by soliton interaction and saturation of the
QWLAs is expected to seriously degrade the perfor-
mance of soliton transmission systems and therefore
needs further investigation. The relatively complex
transmitter makes NRZ systems preferable to soliton
systems.
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Abstract

Both repeaterless and repeatered, 10 Gbit/s, return to
zero (RZ), optical transmission systems were investig-
ated experimentally using the same receiver and laser
source (1310 nm). Repeaterless transmission over a
record 114 km of standard single mode fiber (SSMF)
with an unpreceded maximum gower budget of 45 dB
at a bit error rate (BER) of 107 was achieved. An op-
timum receiver sensitivity of -33.8 dB was obtained due
to the combination of good receiver characteristics and
the performance of a polarization insensitive semicon-
ductor optical amplifier. In the case of the repeatered
system we found that the maximum number of in-line
amplifiers for error free operation was restricted to ten.
The experimentally obtained maximum error free trans-
mission distance was 437 km. Accumulation of in-band
amplified spontaneous emission was found to cause this
limitation.

Keywords
Pulse propagation and solitons, Semiconductor optical
amplifiers, Optical communications.

Introduction

With the advent of optical amplification, some 100 mil-
lion kilometers of already installed SSMF may be up-
graded to higher bitrates for transmission over longer
distances, particularly at 1300 nm where chromatic dis-
persion is minimal. Today, optical losses in the 1300 nm
wavelength domain can be compensated for by means of
optical amplification using either praseodymium-doped
fluoride-fiber amplifiers (PDFAs), Raman amplifiers or
semiconductor optical amplifiers (SOAs). Research has
resulted in commercially available polarization insens-
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Figure 1. 114km Repeaterless transmission system setup
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Figure 2. 437 km Repeatered transmission system setup

itive, high gain, and high output power semiconductor
optical amplifiers which are compact, less complex and
far more power efficient than other proposed optical
amplifiers for this window [1], [2].

In [3] 10 Gbit/s, non return to zero (NRZ) re-
peaterless transmission over 102 km was reported us-
ing a booster SOA, placed directly after the transmit-
ter, and a polarization insensitive SOA, configured as a
preamplifier to increase receiver sensitivity. Reference
[4] describes 110.8 km transmission using a PDFA as a
booster and an avalanche photo detector at the receiver.
In this paper we investigate the transmission perform-
ance of a non repeatered link using RZ data modulation
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Table 1. Fiber and SOA parameters of each section. The
fiber to fiber gain, Gg , and the output power, Pgyy , is
inclusive of isolator losses. The booster is denoted by B.
Note that SOA 11 is preceded by an optical filter with an
insertion loss of 2.7 dB.

N | Length | Att. | Gff | Bias | Temp. | Pout
[km] | [dB] | [dB] | [mA] | [°C] | [dBm]

B 350 17 +0.6
1 | 37977 | 14.6 | 12.1 | 100 35 -1.9
2 | 38339 | 14.0 | 128 | 130 35 -3.1
3 | 38421 | 14.1 | 126 | 130 35 -4.6
4 | 38370 | 14.7 | 15.0 | 160 35 -4.3
5 | 38.037 | 14.7 | 15.8 | 200 25 -3.2
6 | 38460 | 14.0 | 13.5 | 200 25 -3.7
7 | 38454 | 14.2 | 14.3 | 200 25 -3.6
8 | 38.352 | 14.5 | 16.3 | 200 25 -1.8
9 | 38.850 | 14.9 | 17.9 | 400 25 +2.8
10 | 38.480 | 15.6 | 14.2 | 400 25 +14
11 | 53.330 | 19.6

+2.7 | 18.6 | 350 31 -2.3

instead of NRZ.

At 2.5 Gbit/s, a 516 km link was bridged at 1550
nm by [5] using polarization sensitive SOAs. For each
amplifier the input polarization had to be controlled.
In [6] the use of polarization insensitive SOAs resul-
ted in 420 km error free transmission at 10 Gbit/s us-
ing non gain-switched RZ pulses of 40 ps at full width
half maximum (FWHM). The maximum number of in-
line amplifiers was limited by the amplified spontaneous
emission noise buildup. Here we describe a similar ex-
periment with gain swiched pulses of 18 ps at FWHM.

Prior to describing the experiments we give a short
description of the multiple quantum well laser amplifers
(QWLASs) which we used as SOAs in the experiments.
After the results and discussion section we will indic-
ate what can be achieved with presently available SOAs
today.

Multiple Quantum Well Laser Amplifiers

In the experiments we used two kinds of SOAs, po-
larization sensitive booster amplifiers and polarization
insensitive amplifiers. Both types feature a multiple
quantum well, angled stripe semi-insulating planar
buried heterostructure.

The booster amplifier contains four InGaAsP
compressively-strained quantum wells providing gain
for TE polarized light. For this type of amplifier 17
dB fiber to fiber gain, 18 dBm fiber output power (3
dB gain saturation) and a fiber to fiber noise figure of
6 dB has been reported [2]. Due to a high saturation
output power this device is used as a power booster
before the data signal is launched into the SSMF.

input :

Signal %at the

Figure 3. 10 Gbit/s data signal at the input and output
of the 437 km cascaded amplifier link. The pulses at the
output broadened slightly due to the dispersion of the last
fiber section.

The polarization insensitive (< 0.5 dB) SOA con-
tains an active layer composed of four compressively
strained wells and three tensile strained wells, equally
amplifying the TE- and TM-component of the incident
light. The total fiber to fiber gain of this amplifier
exceeds 30 dB, the 3 dB saturated fiber output power
is better than 13 dBm and the fiber to fiber noise figure
is better than 8 dB [1]. The latter device is used for
both in-line amplification and preamplification prior to
detection.

Experiments

Repeaterless System

Figure 1 depicts the repeaterless transmission system
schematically. A DFB laser diode operating at 1310
nm was gain switched at 10 GHz to produce chirped
RZ pulses of 30 ps at FWHM that were subsequently
compressed to 18 ps at FWHM using 4.4 km of
dispersion shifted fiber thus effectively removing the
chirp. As gain switched pulses closely resemble soliton
pulses we can expect these pulses to evolve to solitons
within the fiber. After boosting the 10 GHz pulse
train up to 10 dBm, the pulse train was modulated
with a 10 Gbit/s, 2311 pseudo random bit sequence
(PRBS) by the LiNbOj electro-optic modulator with
an extinction ratio (ER) of 15 dB. Finally the signal
is boosted up to 12 dBm and launched into 114 km
of SSMF (zero dispersion at 1309 nm) with a total
attenuation of 42.9 dB. The signal at the output did
not show any pattern effects. A 400 mA bias current
was applied to each of the two boosters. Booster 1 and
2 exhibited a fiber to fiber gain of 13.6 dB and 15.4 dB
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BER curves at 10 Gbit/s, RZ format, PRBS 2"31-1, wavelength 1310 nm
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Figure 4. BER performance of the 114 km repeaterless sys-
tem

and a 3 dB saturation output power of 16 dBm and 13
dBm, respectively.

In the optical front-end the optical RZ signal was
converted into an electrical NRZ-like signal. After
clock recovery and demultiplexing of the 10 Gbit/s
NRZ signal into a 2.5 Gbit/s NRZ signal bit error rate
curves were measured. The 10 Gbit/s BiCMOS clock
and data recovering 1:4-demultiplexer is described in
more detail in [7]. The receiver sensitivity without
optical preamplification amounted to -17.3 dBm for a
BER of 109. A polarization insensitive SOA with 27.8
dB fiber to fiber gain including isolator losses and a
noise figure of 8 dB was used to improve the sensitivity
to -33.8 dBm for a BER of 10", Prior to detection
most of the amplified spontaneous emission (ASE) was
suppressed using an optical band pass filter with 0.7
nm bandwidth and 2.7 dB insertion loss.

Repeatered System

Figure 2 shows the system setup of a repeatered system.
In this case the transmitter contains only one booster
and the receiver is equiped with an additional optical
filter of 0.7 nm bandwidth and an insertion loss of 2.8
dB. The link contains ten sections of 38 km of SSMF fol-
lowed by an optical amplifier. Finally the last amplifier
is connected to 53 km of SSMF. The in-line amplifiers
are of the same type as the preamplifier. Table 1 shows
the exact length and attenuation of each fiber and the
gain, bias current, temperature and output power of
each SOA. The current and temperature were exper-
imentally determined to give optimum signal to noise
ratio at the output of each SOA taking into acount that
no significant pulse broadening should occur.

Figure 3 shows the signal at the input and output of the

BER curves at 10 Gbit/s, RZ format, PRBS 2"31-1, wavelength 1310 nm
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+ 266 km SSMF
O 437 km SSMF

Iog(BER)

-32 -30 -28 -26 -24 -22 -20 -18 -16
Received power [dBm]

Figure 5. BER performance of the 437 km repeatered sys-
tem

link. The slight pulse broadening that can be observed
occured in the last fiber section. After each amplifier
output we measured the optical spectrum and we meas-
ured the bit error rate with the fiber of the next section
installed. In the repeatered system a different preamp-
lifier was used. This amplifier exhibited a poorer per-
formance compared to the preamplifier in the repeater-
less system. A 2.7 dB insertion loss of the second optical
filter and a 3 dB penalty due to the badly performing
preamplifier accounts for the difference of about 6 dB in
the back-to-back receiver sensitivities of both systems.

Results and Discussion

Repeaterless System

Figure 4 shows the BER curves for the receiver sensit-
ivity without booster amplifiers (*), back to back with
booster amplifiers (+) and after insertion of 114 km
SSMF (o). The introduction of the booster amplifiers
resulted in a penalty of 0.8 dB for a BER of 10 9 due
to extinction ratio degradation caused by the ASE con-
tribution of both booster amplifiers. An optimum re-
ceiver sensitivity of -33.8 dBm has been obtained with a
bias current of 170 mA for the preamplifier and without
booster amplifiers [8]. It can be clearly seen that the
penalty after 114 km of SSMF transmission is smal-
ler than 1.7 dB at a BER of 10 -2 and that no error
floors are present. The 1.7 dB penalty might be ex-
plained by the non-ideal soliton character of the pulses.
Due to fiber non-linearity, near soliton pulses launched
into the 114 km SSMF evolve into solitons as they ra-
diate dispersive waves containing non-soliton compon-
ents. These waves deteriorate the extinction ratio and
manifest themselves as an additional beat-noise source.

Repeatered System
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Signal to Noise Ratio versus Number of In-Line Amplifier
24 T T T T T T T T T
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o
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Figure 6. Signal to noise ratio degradation versus number of
in-line amplifier. Spectral resolution of the optical spectrum
analyzer was 2nm

Figure 5 shows the bit error rate performance back to
back (*), after six in-line amplifiers (266 km of SSMF)
(+) and after ten in-line amplifiers (o) (437 km of
SSMF). After six sections we found a penalty of 4.1
dB and the penalty after 437 km amounted to 5.8 dB .
The insertion of the eleventh in-line amplifier and an
additional 25 km of fiber resulted in an optimum BER
of 510710,

The penalty observed is caused by extinction ratio
degradation due to pattern effects caused by saturation
of the amplifiers and the buildup of ASE noise. Figure 6
depicts the signal to noise ratio versus the number of
in-line amplifiers where we can see that the S/N ratio
decreases rapidly. There are two reasons for this de-
gradation. First, ASE accumulation results in a higher
noise level and second, the peak wavelength of the sat-
urated ASE spectrum shifts to higher wavelength due
to wavelength dependent saturation. This means that
less gain and output power is available for the remain-
ing sections. Eventually error free transmission can no
longer be achieved.

Conclusions

With respect to the point to point system we report
to our knowledge the first successful repeaterless 10
Gbit/s, RZ transmission over a record 114 km at 1310
nm without in-line amplification. The unequaled power
budget of 45.0 dB for the 1310 nm window has been
enabled by the good receiver characteristics. In the
case of the cascaded system we have found that a max-
imum of 10 in-line amplifiers can be cascaded without
introducing errors and that the penalty is caused by
in-band ASE accumulation. The maximum error free

transmission distance amounted 437 km which is just
above the 420 km obtained by [6]. This work was per-
formed within the framework of the European ACTS
project UPGRADE and supported by the Dutch Tech-
nology Foundation (STW).
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4.3 Distributed Raman amplification

In addition to semiconductor optical amplification, Raman amplification has always been an
option for compensation of losses in optical fibre. The availability of high output power pump
lasers at\ = 1.24 um [5] allowed practical implementation of these lasers into a Raman
fibre amplifier [6]. Figure 4.1 displays the geometry of the distributed Raman amplifier. The

setup A Raman amplifier
O attenuator
ECMLL [ D receiver
modulator ; .
Piransmit 3nm optical filter Preceive
setup B Raman amplifier
3nm optical filter attenuator
coupler O .
ECMLL MD p E D receiver
soa
modulator Prransmit 1nm optical filter P eceive

distributed Raman amplifier

wDM isolator

isolator  \wpm

45kmSSMF___  output

Raman
pump laser

Figure 4.1: Setup A: implementation of a 45 km distributed Raman amplifier excited by
Piransmit = —12.7 dBm low input power. Setup B: excitation of a Raman amplifier with
Pyransmit = 1.6 dBm high input power signal. The Raman amplifier is pumped in the
counter-propagating direction of the signal.

Raman pump laser operatesla®4 ym and delivers a maximum df.3 W into the45 km

of standard single-mode fibre via a WDM coupler. In this v2aydB of optical gain at\ =

1300 — 1310 nm is achieved, where the gain compensated B loss of the fibre, WDM
couplers and isolators. An excess gair8alB remains. Reduction of the pump power to

~ 700 mW eliminates the excess gain. Two transmission experiments have been conducted.
In the first experiment the input of the distributed Raman amplifier is connected directly
to the output of the modulator (see Fig. 4.1, setup AX-22.7 dBm strong10 Gb/s data

signal (P;ransmit) iS launched into thé5 km of SSMF. A3 nm broad optical band-pass filter
removes possible reflections of the pump. Subsequently the signal is attenuated, detected
and tested for errors. Figure 4.2 summarises the bit error rate performance graphically. The
introduction of45 km of SSMF with Raman gain has had no influence on the performance of
the system. Error free performance is demonstrated4ivkm of lossless fibre. The second
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Figure 4.2: BER performance of measurement setups A and B
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Figure 4.3: Spectrum of the Raman pump and the 10 Gb/s signal. The spectrum is measured
with a co-propagating pump.
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experiment involves a semiconductor optical amplifier which increases the input power of the
distributed Raman amplifier tb.6 dB. A 1 nm broad optical band-pass filter is placed after

the Raman amplifier (& nm broad filter is preferred but was not available). Bit error rate
curves are measured for three different conditions: back to backAwikim of transparent
optical fibre inserted and withs km of SSMF with8 dB excess gain. The BER curves are
plotted in Fig. 4.2 and display a slight improvement between the back to back curve and
the curve measured aftéb km of transparent SSMF. Introduction 8fdB of excess gain
causes a penalty of 0.7 dB. This power penalty is likely to have been caused by self-
phase modulation in the optical fibre. The pulse width of the optical pulses was reduced from
2.4 ps to1.7 ps while the optical spectrum broadened proportionally to a point where the

1 nm broad filter distorts the data signal and BER performance deteriorates. In addition, no
power penalties occur if the gain is set to solely compensate the fibre losses. Compensation
of fibre losses is independent of the amount of input power to the link. Figure 4.3 displays the
spectrum of the data signal and the Raman pump power. The data signal absorbs power from
the pump signal at a wavelength which lre80 nm below the wavelength of the data signal.

The spectrum of the pump power is wide enough to support signals of higher bit rates. These
experiments prove the applicability of in line distributed Raman amplification for long-haul
RZ transmission.

4.4 Wavelength and input power dependent transmis-
sion

4.4.1 Introduction

In Secs. 4.1 and 4.2 the performance of the systems is limited by extinction ratio degradation
caused by gain saturation of the SOAs. For a given wavelength of operation and transmit-
ted power, the in-line SOAs were adjusted to provide a maximum transmission distance of
437 km that was bridged error free. These experiments, together with early experiments
conducted within the European ACTS project “Upgrade”, provided disenchanting results
with respect to the performance of the investigated transmission systems. In these experi-
ments pulses in the order df) ps were used. The depressed cladding SSMF fibre has a
zero-dispersion point dt305 nm and a dispersion slope 6fL ps/(nnt - km). Initially dis-

persion was thought to be the limiting factor but it turned out that amplified spontaneous
emission caused deterioration of performance. These early experiments were conducted with
800 um long high gain amplifiers. These amplifiers saturate easily, especially for high input
powers. In Chapter 5 of this thesis 200 km, 40 Gb/s transmission experiments are con-
ducted. For these experiments an external cavity mode-locked tuneable laser source is used
(see Sec. 3.1.2). This source produces pulses with pulse widths lying betviesard4 ps.

The objective of the experiments conducted in this section was to investigate the possible
applicability of the800 xm long isolated polarisation insensitive MQW SOAs in #eGb/s
transmission linel0 Gb/s transmission experiments are performed for different wavelengths
and input powers to the periodically amplified link. In addition, bit error rate performance,
pulse broadening, optical spectral and temporal behaviour are measured as a function of trans-
mitted distance. The pulse shape of ilieGb/s signal is the same as the pulse shape of the

40 Gb/s signal, as treated in Chapter 5. Recommendations are made on possible changes in
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system geometry and components for improved transmissigh@b/s. [7]

4.4.2 Experimental setup

Figure 4.4 displays the experimental setup with four sectiori$)&m of SSMF. The tune-

able pulse source generatgsGHz pulse trains at one of the five wavelength302.6 nm,

1304.9 nm, 1307.2 nm, 1309.4 nm and1311.3 nm. These optical pulse trains pass the polar-
isation controller which matches the state of polarisation to the state required by the modu-
lator. In this experiment the optical modulator impos@$’%a— 1 PRBS data pattern on these
pulses for bit error rate measurements ad a 1 PRBS pattern for measuring the temporal
envelope of the signal along the link. A second polarisation controller matches the polarisa-
tion of the optical signal to the booster amplifier where the signal is amplified to a level of

1 dBm. The maximum power that is to be launched into the four cascaded fibre-amplifier
sections has been set+8 dBm. To achieve this the signal is attenuated and amplified by
SOA-1to a level oft+5 dBm. A second attenuator allows the link input pow®t,, ,, st . t0

be set to eithe#t-3dBm,0 dBm, —3 dBm or—6 dBm. The200 km transmission link consists

of four sections 060 km of SSMF and four polarisation insensitive MQW SOAs to com-
pensate for the fibre losses. SOA-5 is the heart of the optically preamplified receiver. After
transmission of a multiple dfo km of fibre the line signal is attenuated by attenuator-3 after
which a band-pass filter removes the accumulated outband ASE. SOA-5 amplifies this signal.
A second band-pass filter removes the outband ASE added by SOA-5. Via attenuator-4 the
preamplified line signal is guided into tH®& Gb/s receiver. The signal power at the output

of attenuator-3 is the received powé,...i,., for which the BER at th&.5 Gb/s output of

the receiver is measured. The input of attenuator-3 can also be connected to fibre-3, -2 and -1
so that the system performance is measured afieikm, 100 km and50 km, respectively.

Back to back BER curves are measured once the input of attenuator-3 is connected to the

[ ]
attenuator-1  attenuator-2
10 Gbivs LXXLO OO0 S (I (o
PPG pol. ctrl.-1 pol. ctrl.-2

booster, #1 © soa-1, #255

tunable pulse source MZ-modulator

A

fibre-4
50 km 50 km 50 km 50 km

I:)receive

‘| 256bius | 41
OPR, BERT | | demux iz

F,transmit

Figure 4.4: Experimental setup of tB@0 km transmission system. The setup is configured

for BER measurements using an optically pre-amplified receiver (OPR). Optical spectra,
autocorrelation traces and temporal envelopes can also be measured for different input powers
and distances.




108 CHAPTER 4. 10 GB/S TRANSMISSION EXPERIMENTS

output of attenuator-2, i.e. without fibre. In addition to BER measurements, autocorrelation
traces were measured using a lithiumniobate based background-free intensity autocorrelator.
From these curves the full-width half-maximum widths are determined which provide insight
into the amount of pulse broadening. Optical spectra are measured to give an indication as
to whether the pulse narrowing or broadening is amplifier-chirp induced or adiabatic via the
SPM in the fibre. A45 GHz photodiode connected to58 GHz digital-sampling oscillo-
scope provides limited-time resolution envelope measurements of the optical line signal. All
SOAs except SOA-1 ar&00 uym long and are driven by00 mA. SOA-1 is400 ym long

and is pumped &00 mA. The temperature of the SOAs is se2@C. After each section

of fibre the BER curves, autocorrelation traces, optical spectra and temporal envelopes of the
received signal are measured for each one of the five wavelengths and for the four different
link input powers Pyansmit -

distribution of signal power across the link
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Figure 4.5: Power map of ti20 km experiment. SL stands for the soliton laser, the source,
M is the modulator, B is the booster amplifier and ATT stands for attenuator-1. Fibre-X
is denoted by FX and SOA-Y is denoted by SY. PA and PD indicate the pre-amplifier and
photodiode of the receiver. The power map has been measupeetat307.2 nm and for

four different link-input powers.
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Figure 4.6: Optical spectra for the five different wavelength8 &m. Subplots A, B, C,
D and E correspond to the302.6 nm, 1304.9 nm, 1307.2 nm, 1309.4 nm and1311.3 nm
channels, respectively.

4.4.3 Experimental results and interpretation

Figure 4.5 displays the power distribution accross the link for different link input powers. At
point S1 (0 km) the differences betweeR,,,smiz @amount to3 dB. At 200 km these dif-
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autocorrelation traces of the different wavelength at the t ransmitter output
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Figure 4.7: Back to back autocorrelation traces. The transmitted pulses are narrow compared
to the100 ps bit time. At longer wavelengths the pulses are slightly broader. This is due
to differences in DC bias of the pulse source. The values displayed in the frame are the
full-widths half-maximum times of the autocorrelation traces.

ferences have gradually decreased.todB for the highest input powers ard dB for the

lowest input powers. If the average los22afdB per section and the average unsaturated gain

of more thar24 dB per section is taken into account, it is evident that the SOAs are heavily
saturated for all four input powers aftzd0 km of transmission. Figure 4.6 displays the spec-

tra of all five wavelengths at the input of the link. At this point the pulses are already chirped
by gain saturation of SOA-1. Without dispersion this will not be of great influence to the
temporal envelope of the line signal. All spectra appear as non distorted. Figure 4.7 displays
the autocorrelation traces of the five wavelengths at the output of the transmitter. The width
of the traces is proportional to the actual width of the pulses. The factor of proportionality
depends on the shape of the pulses that enter the autocorrelator. In the case of soliton shaped
pulses the relation between the width of the autocorrelation trace and the width of the soliton
equals

Tfwhm,soliton,Rar — 1.5428 - Tfwhm,soliton- (41)

According to Fig. 4.7 all of the pulses are approximately of the same width. Figure 4.8 dis-
plays the temporal behaviour of the middle channel 8f a- 1 PRBS pattern. The ringing
indicates that the pulses are narrower than the limitihgs full-width half-maximum time of
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Figure 4.8: Temporal envelope of th&07.2 nm channel. The “010101111111000000100”

sequence from th&y — 1 PRBS pattern is clearly visible.
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Figure 4.9: Autocorrelation traces afé$0 km

the photodetector. This is in correspondence with the autocorrelation traces. The interaction
of the optical pulses with the SOAs and optical fibres can be interpreted from observations
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of the autocorrelation traces, power density spectra, temporal responses and bit error rates.
For example, if pulse narrowing occurs (this can be measured with an autocorrelator) and the
optical spectrum broadens (this can be determined from the optical power density spectrum)
then SOA induced chirp is not likely to influence the interaction between dispersion and the
fibre nonlinearity. In this example, if a BER measurement reveals a power penalty then ASE
build up is the most likely cause of system degradation. The emphasis in this experiment
does not lie in the optimisation of the link to obtain a record performance. It lies in under-
standing whether th&00 um long, high-gain, SOAs are suitable 250 km transmission at

40 Gb/s, knowing that more power is needed 46rGb/s transmission while the saturation
output power of the SOAs remains unchanged. Therefore no system parameters are optim-
ised or re-adjusted. From the measured BER curves the receiver sensitivity at a BER of

is computed for the different input powers and wavelengths of operation. The autocorrela-
tion traces depicted in Fig. 4.9 show that around zero dispersipn< 1305 nm) pedestals

have grown once the transmitted power exceedB. In the case of lower input powers the
autocorrelation traces do not deviate from normally expected behaviour. In contrary to the ab-
sence of abnormalities in the autocorrelation traces, the optical spectra, depicted in Fig. 4.10,
show input power dependent distortion. For both chanri@$4(9 nm and1307.2 nm) dis-
persion is minimal. Therefore four wave mixing is likely to cause the “breaking up” of the
spectrum. The power map (Fig. 4.5) shows that at certain points along the link the power in-
creases to levels e +5 dBm which strongly supports fibre nonlinearities such as self-phase
modulation and four wave mixing.

Figure 4.11 displays the signal response &ft#r km with +3 dBm link input power. Sig-
nificant pulse broadening is visible. Th802.6 nm channel lies in the normal dispersion
regime. In the case of anomalous dispersit309.4 nm channel) pulse broadening occurs.

For wavelengths that lie close to the zero dispersion point the detector response is distorted
by ringing effects; though in the case of th#)7.2 nm channel an anomaly can be seen at the
trailing edges. The ringing seems to be inverted which could indicate a second optical pulse
close to the main pulse. This pulse does not appear on the autocorrelation trace because the
time scales do not correspond. The leading edges af36e.2 nm and1309.4 nm channels
(anomalous dispersion) show also an anomaly which manifests most clearly at the leading
edge of the last pulse in subplot D of Fig. 4.11. Due to the amplification process the leading
edge of the pulse envelope becomes “blue” chirped which propagates faster in the anomalous
dispersion regime and becomes separated from the pulse. In the normal dispersion regime
the leading edge has become steeper. The “blue” chirped parts of the pulse envelope travel
slower than the non-chirped parts and travel to the center of the pulse where they increase the
power around the peak of the pulse. This results in increased SPM which in turn causes pulse
broadening (normal dispersion regime of the fibre). The chaotic shapes of the optical spectra
do support the existence of these small pulses. In addition, a small irregularity is also present
at the foot of the leading edges and is also visiblé39.4 nm. Figure 4.12 summarises

the broadening of the pulses as a function of wavelength for different link input powers and
transmission distances.

Generally, it is not possible to separate the amplifier nonlinearity from the fibre nonlinearity

as they both affect the optical spectrum and require interaction with dispersion before they
become visible in the time domain. The system that is investigated uses amplifiers with more
gain than is needed for the compensation of optical losses. If the optical input signal is too
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Figure 4.10: Optical spectra of tH804.9 nm channel for link input powers 6f3, 0 and
—3 dBm depicted in A, B and C, respectively and t807.2 nm for the same powers as in
D, E and F, respectively.

small outband ASE build up causes the saturation of the amplifier instead of the optical sig-
nal. Higher input powers will therefore reduce the ASE build up but will cause severe pulse
shape distortion (pattern effects) and phase modulation (chirp) on the signal due to self-phase
modulation in the saturable SOAs. This chirp manifests itself as amplitude distortions once
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Figure 4.11: Temporal envelope of th&02.6 nm, 1304.9 nm 1307.2 nm and1309.4 nm
channel afte200 km for +3 dBm link input power (subplot A, B, C and D, respectively).

it interacts with dispersion in the optical fibre. Possible reduction of the drive current of
the amplifier reduces the gain and the amount of ASE. However, with the decrease of pump
current the saturation energy of the amplifier decreases which detrimentally influences sys-
tem performance. Figure 4.13 displays the receiver sensivity of the system as a function of
distance for different wavelengths and link input powers. These values are obtained by in-
terpolation of measured BER versus received power curves. Increase of input power from
0 dBm to +3 dBm does not result in improvement of the receiver sensitivity 2erkm.
Although significant pulse broadening occurs (Fig. 4.12)112.6 nm channel shows unex-
pectedly good performance (Fig. 4.13). Together withlt3&.2 nm channel the fut00 km

link is bridged for link input powers between3 dBm and+3 dBm. Thel1304.9 nm channel

does not reach th200 km error free. Transmission &807.2 nm gives rise to the formation

of a second optical pulse near the leading and to a lesser extent near the trailing edges. The
position of this pulse can be responsible for increased “eye-closure” or “eye-opening” at the
input of the decision circuit in the data recovery circuit of the receiver. Consequently the re-
ceiver sensitivity will degrade for an “eye-closure” or improve for increased “eye-opening”.
This explains why the BER curves make a rather unpredictable first impression.

4.4.4 Conclusions and recommendations

The main conclusion is that this transmission link performs unsatisfactorily because it is not
possible to obtain error free transmission and maintain pulse widths that agrees with pulse
widths needed fot0 Gb/s transmission{ 8 ps). The causes lie in the high gain of the
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amplifiers resulting in either distorted pulses or in too much ASE. Transmission around the
zero dispersion point is only possible if the link input power is kept low to reduce nonlinear-
ities. Soliton transmission is not supported in this configuration because amplifier-induced
phase modulation distorts the uniform phase of the solitod0 IBb/s transmission is to be
performed successfully, smaller sections of fibre must be used, the pulse energy should be
lower (especially if the link is operated close to the zero dispersion point) and an amplifier
with less gain and a higher saturation energy must be used. Shorter amplifiers will exhibit
improved saturation output power under low-gain conditions. Further investigation could
provide more insight into possible reduction of FWM by amplifier-induced phase modula-
tion.
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Chapter 5

All-optical signal processing systems

This chapter deals with the physical implementation of a number of all-optical signal pro-
cessing circuits. More specifically, optical switches based on the TOAD configuration, [1]
and [2], employing MQW SOAs have been realised, tested and integrated as a part of an all-
optical time-domain multiplexed transmission system. To this end, additional pulse sources
need to be realised. They supply the all-optical switch with a continuous stream of narrow
optical pulses. Section 5.1 describes a jitter free source that has been desigheGhis

down to 2.5 Gh/s demultiplexing experiments which are treated in Sec. 5.3. 1Th8b/s

to 2.5 Gb/s demultiplexing experiment was performed to gain more insight into the opera-
tion and performance of the all-optical time-domain demultiplexer. Section 5.4 deals with an
equivalent configuration for the demultiplexing od@Gb/s to al0 Gb/s signal. A transmis-

sion experiment with all-optical demultiplexing requires a clock recovery circuit in order to
obtain synchronisation with the incoming data signal. Section 5.2 trdft&#/s all-optical

clock recovery circuit that provides narrow optical switch pulses for the optical switch. This
optical demultiplexer with optical clock recovery is implemented & km transmission
system (Sec. 5.5). Finally all-optical signal regeneration is demonstrated in Sec. 5.6.

In Chapter 2 the channel extinction ratio was introduced as a quantitative measure for the
performance of the optical switch. In this chapter where the optical switch is investigated
experimentally it is not possible to measure this channel extinction ratio due to the limited
resolution in the time domain of measurement equipment. Therefore bit error rate (BER)
measurements are used for the determination of the performance of this all-OTDM based
(transmission) system.

5.1 All-optical cross gain-switched ring laser

5.1.1 Introduction

Before10 Gb/s t02.5 Gb/s demultiplexing experiments can be conductel) &b/s signal

is required and 2.5 GHz pulse train must be generated which acts as the eventual switch
signal. ThelO Gb/s signal is generated using the DFB laser diode, dispersion-shifted fibre
and an external modulator as described in Chapter 3. Chapter 2 showed theoretically how fast
the channel extinction ratio decreases when switch pulses broaden. Therefore it is important
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Figure 5.1: (a) Temporal response df.& GHz gain-switched DFB laser diode afted km
of DSF. (b) The corresponding optical spectrun®§ nm resolution bandwidth)y;qs pc =
35 MA, Ibias,AC =80 mApp

to use switch pulses that are as narrow as possible or at least as narrow as the pulses of the
signal to be demultiplexed. The rise and fall times of the edges of the temporal window that is
formed by the optical demultiplexer strongly depend on the width of the optical switch pulses
(see Sec. 2.5.2). If a DFB laser diode is used to ol#t@ips wide pulses at a repetition rate

of 2.5 GHz the laser diode must be switched off for about 95 % ofitbeps period. Fig-

ure 5.1 (a) displays the temporal response of the outpudf @Hz sinusoidally modulated

DFB laser diode that is operated below threshold, i.e. gain-switched. Subplot (b) depicts the
optical spectrum. The spectrum clearly displays chirp that is caused by variations in carrier
density during the process of on and off switching. The time jittet0 ps, that is visible in

Fig. 5.1 is of the same order as the pulse width. In addition to the time jitter, the laser diode
may occasionally omit the generation of a pulse if the carrier inversion induced by the bias
current and the modulation current does not result in a roundtrip gain larger than one. This
was also observed in a pulse train generation experiment (Sec. 3.1.1) where the laser diode
was biased below threshold and modulated by &Hz sine wave. Instead ofl® GHz pulse

train a5 GHz pulse train was observed (the temporal envelope is not displayed). If this occurs
in a demultiplexing configuration the optical switch will not open and certain bits shall not
appear at the output. Consequently, the performance of an on this source based demultiplexer
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was far from ideal as its bit error rate performance was limited by a BER)~7. A dif-

ferent type of source must be utilised. Section 5.1.2 elaborates theoretically on the origin of
this time jitter and shows that internal feedback and external modulation of the optical gain
medium by an optical field is able to reduce time jitter.

5.1.2 Theory

Time jitter in gain-switched pulses is caused by the random generation of photons in the active
layer of laser diodes. As long as a laser diode is driven above threshold, stimulated emission
dominates the spontaneous emission. An increase in current results in a fast increase of the
number of photons e.g. a higher output power. If the number of photons is small, the laser
operates below threshold, a stochastic process, or spontaneous emission, is responsible for
starting the stimulated emission. This causes the stochastic distribution in the turn-on time
of the laser diode. The laser diode model described in Sec. 3.1.1 does not incorporate such
a random process. Therefore, in Eq. 3.3 the photon dersiground threshold conditions
should be interpreted as the average photon concentration. In this case the repetition time of
400 ps is large enough to allow the photon concentration in the laser diode to quench before
a new electrical pulse supplies carriers for the ignition of the next optical pulse. Compared
to Eq. 3.3, Eg. 5.1 contains a stochastic term that describes the random fluctuations in the
photon number [3], [4] and [5].

In addition to deterministic chirp a stochastic chirp exists. The randomly generated photons
exhibit a random phase.

(9(1) 1 Co

— = -—ag—G(N — N, Fy(t). 5.2

ot = 2%y, ( 0) + Fy(t) (5.2)
Fs(t) and F,(t) are Langevin functions [6] describing the stochastic processes. The term
fl—znspg in Eq. 5.1 represents the average spontaneous emission. At this point it is important
to see that each spontaneously generated photon will change the optical field with random
phase [7]. The second order momentdof{t) andFy(t) are

(Fs(t)Fs(t") = 2S(t)ease BN?6(t — t') (5.3)
and
(Fo(OFo(t) = g5 DN*6(t 1) (5.4

Fs(t) andFy(t) are uncorrelated, . is the enhancement factor of spontaneous emission as
defined in Ref. [4]. Although a single-mode laser is considered, the Langevin functions are
uncorrelated for multiple modes. This has the consequence that for DFB laser diodes spon-
taneously generated photons outside the gain band of the DFB laser diode do not contribute
to the ignition process. DFB laser diodes exhibit therefore an increased turn-on time jitter
compared to multimode laser diodes [4]. The generation of a spontaneously emitted photons,




120 CHAPTER 5. ALL-OPTICAL SIGNAL PROCESSING SYSTEMS

Fs(t), results in the annihilation of electron-hole pairs. In addition, electron-hole pairs are
randomly generatediy (¢t). Therefore, the rate equation for the carrier density (Eq. 3.1)
expands with two terms to

ON _ I _ C_[) _ l ) B
ot e -wLd 9Sng N(— + BN +CON%) + Fn(t) - Fs(1), (5.5)
with
(FN(t)FN(t’» = iN(l + BN + CN2)5(t _ tl). (56)
wLd T,

Again, Fiy (t) is a Gaussian stochastic process with zero average. Around threshold the de-
terministic terms in the rate equations are close to zero and the stochastic terms take control.
If a known external signal is fed into the active layer the deterministic term is raised well
above zero. When the laser is turned on, i.e. the active layer is pumped, the stochastic term
is no longer responsible for the ignition of the laser. This external signal is often referred to
as the optical seed. Usually, the seed signal is a continuous signal, [8]. Seeding where part
of the generated signal is fed back into the cavity is also demonstrated to reduce time jitter
[9]. This method is called self seeding. Unfortunately this theory could not be implemented

in a commercial, packaged laser diode because the available laser diodes were equipped with
internal isolators which preventinjection of the seed. A laser with a ring structure operates in

a similar way as a self seeded laser. Such a laser was designed and is described in Sec. 5.1.3.

5.1.3 Experimental setup

tuneable optical
band-pass filter, BPF-1,A,

semiconductor
optical amplifier, SOA-1

-—
B

coupler-1 coupler-2

laser diode, LD-1 (50/50) Tring (50/50)

NG X
N :

polarisation
controller-1

adjustable
optical delay-1

Figure 5.2: Geometry of the all-optical cross gain-switched tuneable ring laser. SOA-1 is
equipped with internal isolators as a result of which the ring operates unidirectionally.

To allow feedback of the generated periodically pulsed signal into a resonator with an ampli-
fying medium a fibre ring laser is constructed. A MQW SOA, SOA-1, provides optical gain
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in the clockwise direction and should be modulated to periodically switch the ring laser on
and off. Modulation can be performed either electrically or optically. In the case of MQW
SOA modules the device has not been designed and packaged for high speed modulation. In
contrast to the modulation of SOA-1 with an electrical signal an optical signal may be used.
This results in a relatively faster modulation of the SOA module. Controlled saturation of
the device allows manipulation of the optical gain. Figure 5.2 displays such a ring configur-
ation where provisions have been made for optical modulation of the semiconductor optical
amplifier. Via coupler-1 the modulation signal, generated by laser diode LDX1=at\;,

is injected into SOA-1. The tuneable optical band-pass filter, BPF-1, prevents the ring laser
from lasing at the wavelength of this switch signal. Instead the ring laser will oscillate at the
wavelength determined by the optical filték]. In conventional injection seeded DFB lasers
oscillation at the wavelength of the seed is prohibited by the gain spectrum, internal losses
and the transfer function of an etched grating. Coupler-2 is located directly after the filter to
extract power from the ring cavity. A polarisation controller minimises the roundtrip polar-
isation rotation. Different states of polarisation per roundtrip result in different propagation
constants and different roundtrip times. This would result in time jitter. Adjustable optical
delay-1 is inserted to be able to tune the length of the ring to a sub-harmonic frequency of
2.5 GHz. The optical control signal is generated by a commercially avaitabl&b/s DFB

laser diode (LQF92D). Via coupler-1 this signal controls the roundtrip gain of the ring cavity
by saturating semiconductor optical amplifier-1. LD-1 is temperature controlled and biased
with a current betweef0 and100 mA. Furthermore the current is modulated sinusoidally
with a maximum swing of120 mA.

5.1.4 Experimental results and discussion

Figure 5.3 displays the output power of the ring laser versus drive current of SOA-1 for
different input powers of a continuous control signal,,....;. The threshold current with no
control signal present equals mA and increases 10 mA for 3 mW input power at point
AinFig. 5.2. Aninput power of mW inhibits lasing of the ring laser. The modulation signal
injected in the loop is sinusoidally shaped. Consequently, the gain of SOA-1 is periodically
modulated. If the drive current of SOA-1 is set, for examplel@0 mA (in absence of the
control signal the laser operates well above threshold) the periodic modulation of the total
roundtrip gain (SOA gain minus cavity losses) exceeds the factor one for a small period of
time. During this time the optical field inside the cavity is amplified. Outside this interval
the optical field that passes the amplifier is not amplified strong enough to compensate for
the encountered losses in the previous roundtrip. With a properly adjusted optical delay this
occursN times within one roundtrip time. Between these excess gain intervals an optical
field remains presentin the cavity. Eveli§0 ps the SOA is being saturated by the modulation
signal to a gain level which is too small to compensate the losses of the cavity, after which
the amplifier recovers and optical gain is added to the ring where all pulses have advanced to
the former position of their predecessor. Evédy ps optical pulses are located at the same
position in the ring. In other words: the ring laser is never switched off. This is contrary to
the gain switched DFB laser diode where the cavity volume is so small that all photons have
disappeared between two successive periods of excitation. When optical gain is available
again, the optical field does not have to be built up from spontaneous but from stimulated
emission. Therefore, the ring cavity laser is said to be self seeding. Moreover, both the optical
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DC behaviour of the all-optical cross gain—switched ring laser for different control powers
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Figure 5.3: A continuous control signal controls the output power of the ring laset
1307 nm, A\ = 1310 nm.

control signal and the gain of SOA-1 are deterministic because SOA-1 always operates above
threshold.

Figure 5.4 displays the dynamic response to a sinusoidally modulated control signal. The
tuneable filter was tuned betwe&280 nm and1330 nm in steps ok 10 nm. Wavelengths
within 3 nm of \; should not be selected. The smallest full-width half-maximum time of
the pulses amount ts 12 ps which should suffice for the system requirements mentioned in
Sec. 5.1.1. The power of the control signal amounts4® dBm which results in-7.4 dBm

at the input of the SOA. Some of the pulses in Fig. 5.4 (a) exhibit a small amount of ringing
at the trailing edge. The ringing is believed to be caused by the limited frequency response
of the detector which agrees with the observation that broad pulses show almost no ringing
while narrower pulses show increased ringing. SOA-1 is, dependent on the wavelength of
operation, electrically biased betwe@h mA and115 mA at20° C. The cavity losses are
estimated to b&1.8 dB. The output power of the pulses amountstn0 dBm. The exact
frequency of operation corresponds to the SDH-16 standa2d488 GHz. Deviations of

+20 MHz are tolerated.

No bit error rate measurements are performed to determine the performance of the all-optical
cross gain-switched ring laser. Connection to the optical demultiplexer (see Sec. 5.3) as
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(a) 2.5 GHz all-optical cross gain—switched pulses
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Figure 5.4: (a) Temporal response of the ring cavity to the sinusoidally shaped control signal
for six different wavelengths. (b) The six spectra of the temporal responses plotted in (a).
Responses are plotted directly above the optical spectra and can be distinguished by the six
different plot symbols.

provider of the switch signal resulted in error free operation of the entire system. The pulse
shape of the output can be changed by varying either the gain of SOA-1 and/or the DC and
AC current of LD-1. If the DC current of the laser diode is increased a roundtrip>galin
exists for a smaller period of time. This results in a narrower pulse and a lower output power.
Reduction of the gain of SOA-1 has the same result.

5.1.5 Conclusions and recommendations

Spontaneous emission causes random ignition of optical pulses in a gain-switched DFB laser
diode to an extent where a gain-switched DFB laser diode was no longer appropriate to serve
as a switch signal source for an all-optical demultiplexer (TOAD). Time jitter can be elimin-
ated by preventing spontaneous emission to control the pulse generation process. An optical
source has been realised that provige=20 ps narrow switch pulses for thH#) Gb/s to

2.5 Gb/s demultiplexing experiment. The source is based on an optically cross gain-switched
ring laser employing self seeding to reduce time jitter. The laser is tuneablelf&pnto

1330 nm so that at all times switch signal and line signal overlap can be avoided in the all-
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OTDM applications. In addition to the work described in Ref. [8] and [9] a new way of
reducing time jitter has been demonstrated. The number of optical components in and out the
ring is large, making it expensive and therefore not very practical. Additional research into
the interaction of the external control signal with the internal optical field in SOA-1 and the
ring is advisable.

5.2 10 Gb/s all-optical clock recovery

5.2.1 Introduction

Similar to the require@.5 GHz optical switch signal for th@0 Gb/s to2.5 Gb/s demulti-
plexing experiment (Sec. 5.3)1& GHz optical pulse train must be generated to control the
40 Gb/s to10 Gb/s demultiplexer of Sec. 5.4. TB&6 km transmission experiment, that will

10 Gbis ;
demultiplexed i 40 Gb/s
40 Gbs line signal 40 Gb/s 10| gigna ! line signal [40 Gb/s to
10 Gb/s H 10 Gb/s
switch . switch 10 Gb/s
: demultiplexed
10 GHz|switch signal E 10 GHz|switch signal | 9"
40 GHz 40 GHz to| | : 10 GHz
clock 10GHz | : L——  clock
recovery division | : recovery

40 GHz recovered clock
all optical clock recovery circuit

Figure 5.5: (a) All-optical clock recovery from the high-speed line signal with all-optical
clock division to the bit rate of the four demultiplexed channels. (b) Clock recovery from the
output of the demuiltiplexer. In this configuration all-optical clock division is not required.

be described in Sec. 5.5, requires an optical switch signal that is recovered from the trans-
mitted line signal. The recovered switch pulses must be as narrow as possible so as to avoid
deterioration of the channel extinction ratio as demonstrated theoretically in Chapter 2.
Figure 5.5 displays two possible implementations of all-optical clock recovery circuits which
should provide the optical switch with a suitable switch signal. Figure 5.5 (a) displays the
classical way of all-optical clock recovery. Part of the line signal is guided into a clock recov-
ery circuit that operates at the bit rate of the line signal. Depending on the number of channels
the repetition rate of the recovered clock signal must be divided by the number of channels.
Although this configuration is straightforward, practical realisation is difficult because of the
extremely high clock recovery rate and the demand for narrow optical pulses. In addition,
realisation of this configuration demands many optical components. An alternative scheme
is depicted in Fig. 5.5 (b). Here the clock recovery unit is located after the optical switch
where the demultiplexed signal is available. Clock recovery takes place at this much lower
bit rate. Essential in this configuration is that the clock recovery must be started externally
because without a clock signal the optical switch remains closed and a demultiplexed channel
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Figure 5.6: Passively mode-locked ring laser employing a saturable absorber and a saturable
amplifier. The block “dispersive element” represents the total dispersion in the ring and
“bandwidth limiting element” contains the frequency limitation of the optical gain, optical
absorption and optical cavity losses.

will not be available. To this end a special procedure must be followed to start the all-OTDM
system (see Sec. 5.4). Most electrical clock recovery circuits are based on either a cavity that
resonates on or on a phase locked loop (PLL) that locks to the frequency equal to the bit rate
for an RZ or half the bit rate for a NRZ data signal. Most all-optical clock recovery circuits
are constructed around a passively mode-locked laser, i.e. an optical cavity. The advantages
of a passively mode-locked laser are the small pulse width of the generated pulses, the high
repetition rates and the uniformity of the generated pulses i.e. a high stability. Passively
mode-locked lasers can roughly be divided into two categories: mode-locking based on fibre
nonlinearity induced pulse narrowing interacting with dispersion induced pulse broadening
and mode-locking based on the interaction between saturable absorption and saturable amp-
lification in semiconductor materials. The first category is compatible with erbium-doped
fibre amplification to provide gain to the cavity of the mode-locked ring laser. Once the op-
tical field increases, modulation instabilities occur. The fibre nonlinearity and the presence of
anomalous dispersion excite the natural mode of propagation in the fibre i.e. form a soliton
shaped pulse. EDFAs do not introduce chirp on the envelope of the pulses because there
is no phase-amplitude coupling. In thed um wavelength domain optical amplification is
achieved with SOAs which do impose chirp on the amplified optical pulses. This complic-
ates the formation of chirp free optical pulses in e.g. a ring laser. Amplifier induced chirp
impedes the ability of optical solitons to obtain a constant phase distribution. Moreover when
this chirp interacts with dispersion the pulses will broaden. This effect is larger than can be
compensated for by self-phase modulation pulse narrowing. To this end a saturable absorber
can be introduced in the cavity of mode-locked lasers to narrow the optical pulses more ef-
ficiently. The external-cavity tuneable mode-locked laser (ECTMLL) treated in Sec. 3.1.2
belongs to this category. A schematic description of a passively mode-locked ring laser em-
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ploying saturable absorption and amplification is depicted in Fig. 5.6. Passively mode-locked
lasers have the characteristic that they produce self-sustaining pulses. Injection of a low
powered data signal that modulates e.g. an amplifier or absorber, synchronises the free run-
ning ring laser to this signal under the condition that the cavity length is matched to the bit
time of the synchronising data signal.

5.2.2 Theory

Theory of mode-locking is treated extensively in the literature, e.g. [10], [11] and [12]. In this
section an insight is provided into the mode-locking mechanism. Most theoretical treatments
start with differential equations of the slow amplificatidr(r), and slow absorptiorh, (1),

dhy (1) _ hgo = he(r) _ [p(T)]?

& - Ey out (exp(hy(7)) — 1) (5.7)
and
dha(r) _  hao = ha(r) _ |p(7)
o o " B (exp(ha()) — 1). (5.8)

hg(7) (he(T)) describes amplification (absorption) of the amplifier (absorber), integrated over
its length.p(7) is the pulse shape of the mode-locked pusg;,; andE, .. the saturation
energies of the gain and absorption media, respectivglandr, indicate the carrier life-

times of the amplifier and absorber respectively. Findily, andh, o are the small signal
integrated gain and absorption. Under the assumption that the width ofydulses small

such that the amplifier and absorber do not recover while saturation takes place, the gain and
absorption satisfy

hy(T) = hg,i exp <—§:—(T1> (5.9)
and
ho(7) = hq,iexp (—?—“i) : (5.10)

with hy ; andh, ; the gain and absorption before the pulse enters the amplifier and absorber,
respectively.E,(7) is the total amount of energy of the mode-locked pulse that has entered
the saturable structure and satisfies

B = [ InPar. (5.11)
The dispersive element is modelled as far as second order dispersion. Thus
2

halr) = i + iy (5.12)

The bandwidth limiting element represents the wavelength (frequency) dependence of the
entire cavity. In literature often a Lorentzian profile is assumed. Here a Gaussian profile is




5.2. 10 GB/S ALL-OPTICAL CLOCK RECOVERY 127

assumed. A Gaussian profile is more conservative with respect to the operation of the ring
laser because the chirp induced shift of the optical spectrum will have a larger impact on a
filter with steep edges (Gaussian) than on a filter with smooth edges (Lorentzian). The time
dependent response of the second order approximation of the Gaussian filter equals

1 o
(Aw)2 972"

Aw is the bandwidth of the filter. In one roundtrip the pulse shape changes to

he(r) =1+ (5.13)

s () = expl3 (1 = )y () = (1= jeaa)ha(r) = iy (7)
+ 2hq(T) — Qoss Hpn (1), (5.14)

which is known as the mode-locking equation [12]. The integés the round trip number
andqy,ss is the linear cavity loss. For stable operation the pulse shape after each roundtrip
is not allowed to change. However, a shift in tim&r, is allowed as this will result in a
slightly longer or shorter cavity length without effecting the shape(of, thus for stationary
operation

Opn
Puss(7) = palr + Ar) = pur) + Ar 22T, 519
Substitution of Eq. 5.15 into Eq. 5.14 gives the differential mode-locking equation
op(r 1 . .
Ar 2 — 21— oy (r) = (1 = o a(r) — by ()

+ 2hd(T) - aloss} - ].]p(’l'). (5.16)

Solutions of this equation are usually obtained by substituting an “Ansatzi(for Eval-

uation and linearalisation of the mode-locking equation followed by separation of variables
resultin a set of equations for the parameters of the system. Solutions of this equation determ-
ine the parameter boundaries fdr)-shaped mode-locked pulses [12], [13]. This method is
efficient in analytical determination of the boundary conditions for mode-locking under the
assumption that the pulse shape is known. For diffgrént, different parameter settings can

be obtained. In this section the model for the saturable absorber is based on a semiconductor
structure.

In the next section a saturable absorber is treated that is based on a semiconductor optical
amplifier that is placed in a Sagnac interferometer. Although this configuration can be mod-
elled by Eq. 5.8 the physical mechanism behind the pulse narrowing can not be attributed to
generation of electron-hole pairs but rather to an interferometric mechanism. Implementation
of this interferometric mechanism into the mode-locking equation, Eq. 5.16, is not straight-
forward. Transformation of the parameters of the Sagnac based saturable absérbgr to
Esot,0, @ andr, provides a first order alternative to a substantially more difficult expression

of the mode-locking equation.

A Sagnac interferometer based saturable absorber

As stated in Sec. 5.2.2 the main task of the slow saturable absorber is to narrow the pulses
in the cavity. Saturable absorbers can be realised in a number of ways. Proton bombardment
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or ion implantation of part of a laser or amplifier will cause lattice defects that can absorb
photons. Moreover, a semiconductor laser diode or optical amplifier operated under condi-
tions of reverse bias can act as a saturable absorber which is often employed in multisection
lasers [14]. Figure 5.7 displays a saturable absorber based on a SOA that is asymmetrically

T
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delay-1 SOA-1

attenuator-1

attenuator-2

A coupler-1 B
(50/50)

Figure 5.7: Geometry of the Sagnac interferometer based saturable absorber. The loss of the
left and right branch can be adjusted independently. Not drawn is a polarisation controller
that matches TE and TM states of polarisation of the signals upon their return in the coupler.

placed in a Sagnac interferometer. An optical pulse that is injected into the Sagnac inter-
ferometer is split up into a clockwise and counter clockwise travelling pulse. At a certain
point both pulses will enter the amplifier. Optical attenuators allow adjustment of the input
power of the clockwise travelling signal and the counter clockwise travelling signal. A dif-
ference in time of arrival of both pulses at the bidirectional SOA-1 can be set by adjustable
optical delay-1. Once the signals have passed the amplifier they recombine in coupler-1. A
polarisation controller (not drawn) matches the TE and TM state of polarisation when the
signals recombine in the coupler. Both clockwise and counter clockwise pulses saturate the
amplifier. The chirp imposed on the clockwise and counter clockwise travelling pulses can be
influenced by controlling the input powers to the amplifier and the position of the amplifier

in such a way that the temporal phase difference between both pulses can be varied. This
saturation process imposes phase changes (chirp) on both pulses in such a way that when
the clockwise and counter clockwise travelling pulses recombine in the coupler, significant
constructive interference occurs for the centre region of the pulse and mostly destructive
interference for the leading and trailing edges of the pulse. For specific settings of the at-
tenuators and the optical delay line optimum pulse compression can be achieved. This pulse
compression depends on the pulse width and pulse power. To investigate this the zero-length,
bi-directional amplifier model of Chapter 2 is incorporated into a Sagnac interferometer. For
different settings of the attenuators and amplifier asymmetry, amplifier gain and saturation
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output power the temporal and spectral response of the absorber to a soliton shaped pulse
can be computed. The saturable absorber model of Eq. 5.8 has also been implemented into a
computer program. Figure 5.8 (a) displays the action of the Sagnac based saturable absorber
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Figure 5.8: Response of the Sagnac based saturable absorber (dashed line) and the semi-
conductor saturable absorber according to Eq. 5.10 (dashed-dotted ling)as, a6 dBm

optical pulse at a repetition time v60 ps (solid line). (a) The temporal power response with
pulse widths ob ps,4.9 ps,3.6 ps for the three above mentioned curves. (b) The envelope

of the spectral responses. (c) the temporal phase that is imposed on the input signal. (d) The
frequency chirp that is responsible for the shift of the spectra in subplot (b). The gain of the
amplifier amounted t@3 dB, Es,; = 10 dBm,ag = 8, 7. = 200 ps. The small signal
absorption of the semiconductor model equ&l8 dB. The amplifier asymmetry amounts to

2.5 ps and the loss of the attenuators eqB8al3 and13 dB for the left and right branch of

the Sagnac interferometer, respectively. An idedB coupler is assumed.

and the semiconductor absorber model of Eq. 5.10 et @Bm strong,5 ps optical pulse

train with a repetition rate of00 ps. The average power of the input and output pulses in

the graph is set equal for reasons of comparison. This way pulse broadening (harrowing)
results in a lower (higher) peak power. Significant pulse compression takes place for the
Sagnac based absorber while the pulse compression of the semiconductor absorption model
is, with the given parameters, relatively small. For stronger input powers or Bygy; the

pulse compression in the semiconductor absorber will become stronger. The optical spectra
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are given in subplot (b). As is to be expected, the spectrum of the pulses at the output of
the Sagnac interferometer based absorber have broadened. Due to saturation effects a time
dependent phase is imposed on the envelope of the output pulses. For the semiconductor
model it can be seen that a red shift occurs while the Sagnac based absorber is shifted to
the blue side of the spectrum. The amplifier asymmetry and asymmetric loss in the left and
right branches determine the amount of pulse compression and the symmetry of the output
pulse. Not demonstrated here is the possibility of steepening the leading or trailing edges of
the pulse by adjusting the attenuation and/or the amplifier asymmetry. This configuration is
implemented in the ring laser as the absorbing element.

Numerical simulation of the ring laser

O,
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dispersive | |°
- tuneable optical element-1 A

- band-pass filter, BPF-1, A»
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Figure 5.9: Setup for the simulation of the ring laser with the Sagnac interferometer based
saturable absorber.

To investigate the operation and stability of the ring laser, the scheme depicted in Fig. 5.9
was simulated. The optical band-pass filter, BPF-1, is assumed to have a Gaussian transfer
function. At point A a low powered relatively broad optical pulse is inserted and the re-
sponse to each following component is computed until one roundtrip has been completed.
This way an arbitrary number of roundtrips can be calculated. At points A, B, C and D the
pulse shapes are stored for later inspection. Computation times are reduced and numerical
stability is enhanced by employing spatially concentrated amplifier models. At two points
two 6 dB attenuators are inserted which account for cavity losses. Coupler-1 has a splitting
ratio of 3 dB. The phase difference between the output ports e@@als Figure 5.10 dis-

plays stable operation of the ring laser. The pulse shapes after the first 60 roundtrips are
depicted. A constant time shiffyr is observed which is in agreement with Eq. 5.15. After

~ 20 roundtrips the ring laser achieves stationary operation. More than 1000 roundtrips were
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Figure 5.10: Stable operation of the ring laserrAt 50 ps a pulse is launched into the ring

and for the first 60 roundtrips the pulses are depicted in the same figure. Subplot (a) contains
the pulse shapes at point B. Subplot (b) contains the pulses at point C. The bandwidth of
the filter equal240 GHz. The settings of the Sagnac based absorber equal the settings of

Fig. 5.8. The amplifier has a gain 2% dB, Ps,; = 16 dBm, «;, = 5 andr, = 200 ps.

computed and instabilities were not observed. Figure 5.11 displays unstable operation of the
ring laser. This was achieved by increasing the amplifier asymmetry in the absotbgydo

The pulse shapes after the first 60 roundtrips are depicted. Although stable operation appears
eventually to be reached, the system exhibits an instability. This instability repeats itself peri-
odically even beyond a 1000 roundtrips. In addition it can be observed that the pulse shapes
of the low amplitude pulses in Fig. 5.11 (b) have become asymmetrical compared to the stable
pulses in Fig. 5.10 (b). This should also be attributed to the increased amplifier asymmetry.
Figure 5.12 displays the evolution and power of the pulse widths for each roundtrip time for
stable and unstable operation. Another important parameter is the width of the optical filter.
A broad filter passes mor#) GHz spaced modes while a narrow filter reduces the number

of modes. Therefore a broad filter is expected to give narrow pulses and a narrow filter broad
pulses. Numerical simulations have been carried out to verify this. Figure 5.13 displays the
dependence of the pulse widths and pulse power as a function of the bandwidth of the fil-
ter. Both at point B and C of Fig. 5.9 the pulse width and pulse power have been evaluated.
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Figure 5.11: Unstable operation of the ring laser. The settings equal the settings in Fig. 5.10,
except for the amplifier asymmetry in the Sagnac loop which is set pis.

In accordance with expectations, it can be observed that a broader filter results in narrower
pulses. Broader filters also allow for more power in the cavity. The amplifiers are driven
into saturation resulting in more chirp and less efficient use of the available bandwidth. As a
result pulses exhibit less narrowing than is to be expected when the bandwidth of the filter is
increased. In comparison with a semiconductor optical absorber, the chirp thatis encountered
in the Sagnac based saturable absorber is of the opposite sign as the chirp encountered in the
semiconductor optical absorber. In the case of a semiconductor saturable absorber based ring
laser the chirp encountered in the semiconductor optical absorber is of the opposite sign as
the chirp encountered in the saturable amplifier. Consequently, detuning is more severe in
the case of implementation of the Sagnhac based saturable absorber in a ring laser. In com-
bination with the Gaussian filter detuning demands more of the total roundtrip gain because
the detuning together with the Gaussian filter characteristics manifests itself as an additional
loss. This also explains why chirp free, fourier limited, pulses will not be generated. In the
case of the semiconductor saturable absorber the encountered chirp can be counteracted by
the experienced chirp in the optical amplifier because their chirp is of the opposite sign.
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Figure 5.12: Pulse width (a) versus roundtrip number and pulse power (b) versus roundtrip
number for stable operation, simulated at point B in Fig. 5.9 (solid curve) and C in Fig. 5.9
(dashed curve), respectively and unstable operation, simulated at point B (dashed-dotted
curve) and C (dotted curve), respectively. The same parameters were used as in Figs. 5.10
and 5.11.

5.2.3 Experimental setup

The optical clock recovery circuit is schematically depicted in Fig. 5.14. If the input is con-
nected to al0 Gb/s RZ data signal at = \; then at the output &0 GHz pulse train at

A = Xy is expected. The gain and saturation output power of the amplifiers are controlled
by a bias current. The temperature of both amplifiers was set26°C. An intensity auto-
correlator is used to give an indication of the width of the pulses. In additith@Hz PIN
photodetector connected t&a GHz digital sampling oscilloscope which can be triggered to
either the pattern trigger or clock trigger of the pulse pattern generator, provides the temporal
power envelope of the pulses. An optical spectrum analyser is used to monitor the signal in
the wavelength domain. At points B and C in Fig. 5.14 signals are measured.

Figure 5.15 displays the practical realisation in the form of a photograph. In the background
the sampling oscilloscope is visible. Connected to it is the high-speed PIN-detector (lower
trace) and a< 10 GHz amplified detector (upper trace). The lower trace is the eye diagram
of the 10 Gb/s data signal at the input and the upper trace id98h&Hz component of the
recovered clock. This trace is used to optimise the settings of the clock recovery circuit as it
provides information on possible pattern effects that are imposed on the recovered pulses by
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Figure 5.13: Pulse width (a) versus filter bandwidth and pulse power (b) versus filter band-
width, simulated at point Bo) and C (+) in Fig. 5.9. Same parameters are used as in Fig. 5.10.

the data signal. The trace gives a visual indication of timing and jitter, amplitude fluctuations,
noise, and output powetr.

5.2.4 Results and discussion

The configuration depicted in Fig. 5.14 has been realised using fibre pig-tailed components.
A —9 dBm, PRBS modulated,0 Gb/s signal at\ = 1304.5 nm is fed into the passively
mode-locked ring laser which locked to this signal. Initially the wavelength of the recovered
clock was set td313.5 nm. It was found that for a broad range of parameter settings stable
clock recovery takes place. The controls effect the stability, wavelength of operation, pulse
width, sensitivity to the input signal, the output power, and locking range. Stable clock recov-
ery could be reproduced any time with the notable exception that the control settings differed
each time the circuit was re-synchronised to the sadn@b/s input signal. This is caused by

the interdependence of parameters, the random behaviour of the state of polarisation in the
loop and the dependence on mechanical and temperature induced strain in optical fibre. This
polarisation walk off can be corrected by periodically re-adjusting the state of polarisation in
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Figure 5.14: Geometry of the all-optical clock recovery circuit

Table 5.1: Settings for stable locking of the optical clock recovery of Fig. 814,.. and
P,utput refer to the measured input and ouput signal powers.

parameter| min. averagel/typical max. notes

Isoa 1 170 mA 212 mA 300 mA T =20°C

Tsoa_s | 180 mA 326 mA 350 mA T=20°C

delay-1 142 ps 145 ps 149 ps 137 ps+ SOA-1 centred

delay-2 63 ps 67 ps 72 ps

Qe ft 4.0dB 9.6 dB 13.8dB loss of att.-1
and delay-1

Qtright 1.5dB 1.5dB 1.5dB loss of pol.
ctrl.-1

Pinput —12.4dBm | —9.0dBm 3.0dBm

Poutput —15.4dBm | —13.2dBm —9.6 dBm

the loop. Residual polarisation sensitivity of the components requires either re-adjustment of
amplifier gains and of the attenuation in the left branch of the Sagnac interferometer based
saturable absorber. Table 5.1 displays an overview of values for different parameters for
which the clock recovery operates.
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Figure 5.15: Realisation of the optical clock recovery circuit using fibre pig-tailed compon-
ents taped to a rigid back plane. The names of the components correspond to the names in
Fig. 5.14.

Temporal response

Figure 5.16 displays the temporal response at point C of the clock recovery circuit to the
—9 dBm data signal. The signal has been coded wift'a— 1 PRBS data pattern. The
1304.5 nm input pulses have a width 8f1 ps. SOA-1 and SOA-2 are biased2d2 mA
and258 mA, respectively. Optical delay-1 has been set4d ps which corresponds to an
amplifier asymmetry 08.5 ps. The attenuation of the left branch amountkit@ dBm. BPF-

1is set tol313.5 nm. The output power of the generated pulse train amountd 306 dBm.

The ringing suggests that the pulse width is smaller than the limitthgs response of the

45 GHz photodiode. To investigate possible pattern effects on the recovered clock signal
the sampling scope was triggered with a trigger signal synchronised to the repetition rate
of a2” — 1 PRBS pattern. The measured temporal response is depicted in Fig. 5.17. For
these power levels the measured temporal envelope does not display any evidence of possible
pattern effects or discontinuities. BER measurements on an all-OTDM system, incorporating
this optical clock recovery circuit, performed in Sec. 5.4 will show that the performance of
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Figure 5.17: Recovered clock pulses froa- 1 PRBS return to zero data signal.

the optical clock recovery is satisfactory as error free demultiplexing is demonstrated.

Spectral response

Figure 5.18 and 5.19 display the optical spectra of the output of the clock recovery and of
the input of the Sagnac based saturable absorber, respectively. The left signal in the spectrum
of Fig. 5.19 is thel0 Gb/s data signal while the right signal is the spectrum of the recovered
clock. The power of the recovered clock is more than a fatidarger than the power of

the data signal. This masks pattern effects imposed by the data signal on the recovered clock
signal. Figure 5.20 displays autocorrelation traces of the data signal and recovered clock
signals for filter bandwidths df nm (standard) an8l nm. The recovered optical pulses are
pedestal free which is essential for a unambiguously defined temporal window formed by the
optical demultiplexer (TOAD). If & nm filter is used the recovered pulse train displays pulses

of approximately the same width as the input pulses of the data signal. If the bandwidth of the
filter is decreased t® nm the recovered pulses broaden according to theoretical predictions
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Figure 5.18: Optical spectrum of the recovered clock fron2the- 1 PRBS modulated data
signal, measured at point C in Fig. 5.14
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Figure 5.19: Optical spectrum of the recovered clock fron2the- 1 PRBS modulated data
signal, measured at point B in Fig. 5.14. The left signal islth&b/s data signal which lies
approximatel)l0 dB below the recoveretl) GHz clock signal.

of Fig. 5.13. In this case fewer modes contribute to the mode-locking, which results in a

broader pulse.
The full-width half-maximum time of the intensity autocorrelation traces of soliton shaped
pulses relates to the width of the soliton pulses as

Tfwhm,soliton,Ry, — 1.5428 - Tfwhm,soliton- (517)

In the case of th& nm filter and under the assumption that the recovered pulses are soliton
shaped, the width of the recovered clock pulse$.T6 ps. For a3 nm band-pass filter the
width of the pulses equals %2 ps. These values are of the same order of magnitude but
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Figure 5.20: Autocorrelation traces of the Gb/s data signal and the recovered clock signal
at the output (point B) of Fig. 5.14 forlanm optical filter and & nm optical filter.

larger than predicted by Fig. 5.13. THe ps pulses have optical spectra that are slightly
broader than th8.1 ps pulses coming from the ECTMLL. This indicates that the recovered
pulses are chirped. This corresponds with the theory discussed in Sec. 5.2.2. Pulse trains
with a width of < 5 ps are suitable for use as a switch signal46rto 10 Gb/s all-OTDM
applications (see Chapter 2).

Tuneability of the clock recovery

The insertion of a tuneable optical band-pass filter allows selection of the wavelength of
the recovered pulses. Figure 5.21 displays optical spectra and autocorrelation traces of the
recovered clockpulses at = 1284 nm andA = 1333 nm. The autocorrelation traces of
subplots (c) and (d) show the introduction of a small pedestal, visible from the hump on the
leading and trailing edges. For this experiment2h@m optical filter was operated beyond

its specification which might have caused the formation of the pedestals. Also dispersion is
known to cause pedestal problems in mode-locked ring lasers. The clock recovery circuit is
tuneable over 80 nm wide interval.
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Figure 5.21: (a) and (b) optical spectra measured at point A of Fig. 5.14 for1284 nm
and\ = 1333 nm, respectively. (c) and (d) show the corresponding autocorrelation traces.

Polarisation sensitivity and locking range

Significant polarisation sensitivity of the recovered clock signal to the input data signal was
not observed. Variations of the input polarisation state caused the output power of the clock
recovery circuit to vary less tha#t0.4 dB. This is in accordance with expectations. The
synchronisation depends on the saturation of polarisation insensitive SOA-1 in the Sagnac
based saturable absorber. The typical polarisation sensitivity of SOA-1 amoutsidm.

The cavity roundtrip length amounted @@ m. Assuming a refractive index af5 for the

optical fibre the ground frequency equals6 MHz. The ring laser is therefore operated at
approximately the 458th. harmonic. This will put severe limitations on the locking bandwidth
of the clock recovery circuit. This bandwidth is experimentally determined by increasing
(decreasing) the frequency of the clock of the pulse pattern generator. For small changes
in frequency, the output of the ECTMLL remains unchanged. At certain points the clock
recovery will stop oscillating. The difference between the upper and lower frequency where
this happens gives the locking bandwidth. The bandwidth of the clock recovery circuit was
determined using this technique and amountetBtokKHz for a23! — 1 PRBS data pattern.
Within this bandwidth optical clock recovery is observed while outside this bandwidth optical
clock recovery stopped abruptly.
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5.2.5 Conclusion and recommendation

An all-optical clock recovery circuit (OCR) has been built which is capable of providing

3.1 ps pulses for> 10 Gb/s all-optical signal processing applications. The OCR is based on a
passively mode-locked ring laser employing a novel configuration where a saturable amplifier
is inserted into a Sagnac interferometer to act as a saturable absorber. The wavelength of
the recovered clock is tuneable oveb@nm wide range. The bandwidth of the optical

filter determines the pulse width. By tuning the currents of both amplifiers, and by proper
adjustment of the amplifier asymmetry, the length of the cavity and the attenuator in the
Sagnac interferometer, it is possible to minimise the pulse width. Chirp and pattern effects
can be further reduced. Additional analytical and numerical investigation to the dependence
of the amplifier asymmetry and the difference between left and right branch attenuation on
the generated pulse shape is recommended. To this end a simulation tool has already been
developed. The clock recovery circuit is expected to perform well in combination with the
all optical switch, bearing in mind that the locking range of the clock recovery is limited to

~ 200 KHz.

5.3 10 Gb/s to 2.5 Gb/s all-OTDM

5.3.1 Introduction

In this section experiments are described di &b/s t02.5 Gb/s optical demultiplexer as a

first trial before effort is put into @0 Gb/s to10 Gb/s optical demultiplexer. Transmission
experiments were not conducted as no optical fibre was available at the time of this particular
experiment. During the last five years electrical demultiplexers have become available that
also operate at0 Gb/s. Therefore this all-optical technology is not likely to be implemented

in practical systems at these relatively low speeds. However the experiments described in
this section do provide insight into the operation and performance of the all-optical switch
because at these low speeds visualisation of signals is relatively easy.

5.3.2 Experimental setup

Figure 5.22 displays the scheme of the OTDM setup under investigation. In this setup the
switch signal is not recovered from the data signal but generated from the auRiiaBHz

clock output of the pulse pattern generator. Strictly speaking there is no all-optical clock
recovery. However, the switch signal is obtained from an all-optical circuit, the cross gain-
switched ring laser of Fig. 5.2. Therefore the setup does belong to the category of all-optical
demultiplexers.

From thel0 GHz electrical clock a0 Gb/s return to zero data signal is obtained using the
sinusoidally modulated laser diode, LD-1, discussed in Chapter 3. Dispersion-shifted fibre,
DSF-1, compresses these chirped pulses after which a desired data pattern is superimposed
via LiNbO; modulator, MZ mod-1.

The PRBS data patterns generated by the pulse pattern generator have the property that each
consecutive fourth bit forms a PRBS sequence of the same order. Theref@é (&b/s
demultiplexed pattern is equal to the pattern of tieGb/s data signal. In addition, four
patterns a2.5 Gb/s contain all the bits of a single patterriatGb/s.
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Figure 5.22: Experimental setup of the 10 Gb/s to 2.5 Gb/s all-OTDM experiment
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Figure 5.23: Bit error rate versus input power of the TOAD (point B). The amplifier asym-
metry amounted t@,ym = 25 PS. T4010y Was set td0 ps. The power of the switch signal
equals taP;iicn, = —3 dBmM. Isp4—2 = 100 MA.

The data signal is amplified in SOA-1 and stripped from outband ASE by i@ broad
optical band-pass filter-1. Attenuator-1 controls the input power to the optical switch which
varies from—3.0 to —25.0 dBm. The wavelength and pulse width of this signal3d1 nm

and20 ps, respectively.

The amplified2.5 GHz sinusoidal clock signal modulates laser diode, LD-2, biased above
threshold. LD-2 is a standai5 Gb/s,1.3 um communication DFB laser diode. A sinus-
oidally modulated optical signal is obtained that controls the cross gain-switched ring laser.
The output of the cross gain-switched ring laser is amplified and stripped of outband ASE.
Attenuator-3 adjusts the switch signal input power to the optical switch in betweerithe
and—15.0 dBm. Electrical delay-3 adjusts the delay betweenlth&b/s data signal and the

2.5 GHz switch signal over a maximum rangel@0 ps.

Both signals are fed into the TOAD based optical switch. At point D the delay is measured
between thd0 Gb/s data signal and tt#e5 GHz switch signal with a digital sampling oscil-
loscope that visualises the power envelope of the switch and line signal as a function of time.
The delay timerg.;,, is defined as the smallest difference between the values of the time
base belonging to the peak of thé Gb/s signal and the.5 GHz switch signal that follows
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Figure 5.24: Eye diagram at the photodiode of the receivelPfgr. = —13 dBm. The
amplifier asymmetry amounted tQgym = 25 PS. Tgeiay Was set tol0 ps. Isoa—s =
100 mA. The power of the switch signal equats,;., = —3 dBm.

directly behind.

Tusym 1S S€t according to the following procedure. First adjustable delay-1 and polarisation
controller-1 are adjusted such that in absence of the switch signal and with a high powered
10 Gb/s signal the output power at point E is minimal. In this position the amplifier is located
in the centre of the polarisation insensitive Sagnac interferometer. Alteration of the delay res-
ults in an amplifier asymmetry,s, ., Of half the read-out of the change of adjustable delay-1.

The optical band-pass filters, BPF-1 and BPF-2, are tuned to the wavelengthlof @i¥s

data signal while BPF-3 and BPF-4 tune the switch signal to a different wavelength. In this
configuration all optical band-pass filters have adB bandwidth ofl nm.

At point E the forward directed or transmitted output of the demultiplexer can be measured.
At point A the backward directed or reflected output signal of the demultiplexer can be meas-
ured. Points B and C are used to observe or measure the power 1f @le/s line signal

and the2.5 GHz switch signal, respectively. All amplifiers are operate?0atC. The pump
current of SOA-1 and SOA-4 is set460 mA and350 mA, respectively.

The cross gain-switched ring laser is adjusted as described in Sec. 5.1. At the output of the
2.5 Gb/s receiver the bit error rate can be determined for different input powers, delays, and
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amplifier currents. In these experiments no autocorrelation traces or optical spectra were
measured. The necessary equipment was not available at the time this experiment was car-
ried out. Temporal responses are measured usii) @Hz PIN-photodetector connected

to a50 GHz digital sampling oscilloscope for monitoring thé Gb/s input signal at point

B and for determination of.;q, at point D. A second digital sampling oscilloscope with a

built in opto-electronic converter measured the transmitted or reflected output at points E and
A, respectively. The wavelength of the switch signal is determined by an optical wavelength
meter at point C.

5.3.3 BER performance versus input powers

An important parameter is the dependence of the performance of the demultiplexer on the
amount of input power to the optical switch. Figure 5.23 displays the bit error rate curve
as a function of input power to the optical switch. The amplifier asymmetry amounted to
Tasym = 25 PS. The switch pulses, with a powe,i., = —3 dBm, followed the pulses

of the channel to be demultiplexed aftef;,, = 10 ps. The current of SOA-2 was set to

100 mA. If the power of the line signal becomes too low the demultiplexed signal at the
output of the TOAD is covered with noise to an extent where error free detection is no longer
possible. In other words, if the TOAD input is regarded as the receiver input the power of the
line signal has dropped below the sensitivity of the optical demultiplexer which is part of the
receiver. If the intensity of the line signal is too high the line signal will saturate the amplifier
along with the switch pulse. Severe distortions will occur resulting in an increasing BER.
For P;,. = —13 dBm (four channels) the eye diagram of the signal at point E is depicted in
Fig. 5.24.

It can be observed that2a5 Gb/s signal is available and that the eye is open. The ringing at
the trailing edges of the pulses is a side effect resulting from the modulation of LD-1. Under
these conditions the system ran stationary and error free for more than six hours.

In addition to the single curve of Fig. 5.23 similar BER curves have been measured for a vari-
ety of switch signal input powers and currents for SOA-2. At the same time the output power
of the TOAD was measured. This way a clear picture is obtained for the dependence on the
power of both line and switch signals. The results are displayed graphically in Fig. 5.25-
5.28. For each BER measuremefy,,, and the input power incident on the photodiode of
the receiver have been optimised. BER measurements lélotl (error free) are mapped

to 1071% and BER abovea 02 are mapped ta0—3. At this point it can be seen from the
area where the BER is better tham 1 that there exists an optimal amplifier current equal

to 100 mA.

For low currents the amplifier does not provide enough gain for error free demultiplexing.
Increasing currents result in more gain and a rising TOAD output power. At this point relat-
ively large input powers are required to obtain error free demultiplexing. Once the current is
set abov&’5 mA a broad area exists where demultiplexing is supported. Beyoridth@A

the performance degrades independently from the power of the switch signal. Mihens
reaches the00 mA demultiplexing can no longer be observed. Figure 5.26 and 5.28 display
an ever increasing TOAD output power with line power and amplifier current. There is no
correlation between the BER performance of the demultiplexer and the output power. It is
important to note that when the switch signal power decreases the amplifier becomes less
saturated and the gain increases.  As a result the output power of the TOAD is expected to
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Bit error rate simulation of 10 Gb/s to 2.5 Gb/s demultiplexing

-log(BER)

Pswitch [dBm] 15 25 Pline [dBm]

Figure 5.29: Simulated BER performance for different input powers and switch signal
powers. Apeak, SOA—1 = Nine = 1310 NM, Agyiten, = 1320 Nnm, BWsoa—1 = 60 nm,
BWiine = 1 nm, Gon chip, SOAfl(Apeak) = 700, , Esat, on chip, SOAfl(Apeak) =6 er

Esat, on chip, SOA—I(Aswitch) =7pJ, Lsoa—1 = 800 pm, vy, = 1- 108, 7. = 200 ps,

ag = 5, NFy, chip, soa—1 = 6.5 dB. The coupling losses of the amplifier amount to
2.5 dB. Ideal couplers are assumed. Loss in the left and right branch amodndBo
Tasym = 25 PS,T4e1ay = 10 pS. The quantum efficiency of the detector amounts§opthe
electrical bandwidth equais5 GHz, the optical bandwidth amountstaim. The thermal
noise current of the receiver for these parameters amouts foA.
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Figure 5.30: Bit error rate versus amplifier asymmetry,,,, and line-switch signal delay,

Tdelay, Of the TOAD. Pine = —13 dBm, Pyyiten = —6 dBm andlsoa
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rise. However, less switch power results in switching with a lower contrast, caused by a re-
duction of thel80° phase difference between the clockwise and counter clockwise travelling
signal. This results in a smaller gain of the temporal window formed by the optical demul-
tiplexer. This counteracts the increase of gain due to the reduced saturation of SOA-2. The
slope of the surface for varying line power and constant switch power is not exactly as was
to be expected if the line signal does not saturate the amplifier. These measurements show
that the line signal does saturate the amplifier. This is expected as high gain amplifiers were
implemented. Saturation of SOA-1 by the line signal does not compromise error free per-
formance as long as the intensity of the switch signal is approximétéBy larger than the
intensity of the TOAD input signal.

Figure 5.29 displays a numerical simulation of this experiment. The amplifier model intro-
duced in Sec. 2.3.3 has been incorporated in this simulation to enable the computation of bit
error rates. The signal to be demultiplexed i$0aGb/s,2” — 1 PRBS modulated soliton
shaped signal with a full-width half-maximum pulsewidth26fps at1310 nm. The2.5 GHz

switch signal pulses also have a width20fps and a wavelength @820 nm. The parameters

of SOA-1 were matched to the practical case @0& mA biased SOA. In addition to differ-

ences in parameters between the experimental setup and the numerical simujatiphas

been adjusted for optimum BER performance during the experiments which was not the case
for the numerical simulation. Despite these differences the measured and simulated surfaces
show good agreement.

5.3.4 BER performance versus time delays

In addition to the power dependence of the demultiplexer performance of Sec. 5.3.3 correct
timing of the system is also of great importance. Generally, the performance of the system
is largely determined by the amplifier asymmetry and the delay between the line and switch
signals. Figure 5.30 displays the dependence of the bit error rate on the above mentioned
asymmetry,.ym, and delayrqeiqa, as defined in Chapter 2. For positive amplifier asym-
metriesrqeiqy 1S defined as the smallest positive difference between a pulse of the line signal
and the switch pulse arrivingi.;q, later. This delay is measured and monitored at point D.
For negative amplifier asymmetries the delay is recalculated as if coupler-3 were in the left
branch.

For amplifier asymmetries witfr, s, | < 50 ps a line-switch delay can be found for which
error free demultiplexing is achieved. For amplifier asymmetries ranging betw&én
andt30 ps variations in a line-switch delay of more thai ps are allowed for error free
demultiplexing. This indicates that the configuration is insensitive to time jitter. The struc-
ture of Fig. 5.30 is line symmetric in,s,,, = 0. This was expected as a result of the coupler
specifications in Chapter 2. If coupler-2 had a significant deviation fi@hthen the surface

plot should not have been symmetric.

5.3.5 Miscellaneous experiments
Incorrectly set demultiplexing parameters

Optimisation of the performance of the demultiplexer can not be performed by solely ob-
serving the output power. From the temporal envelope of the outputs one can obtain inform-
ation that can be related to incorrectly set parameters. Malfunctioning of the demultiplexer is
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(a) line and switch signal out of phase
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Figure 5.31: Eye diagrams of the demultiplexed signal can provide insight into incorrectly

set parameters.

(a) transmitted demultiplexed signal
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(b) reflected remainder of demultiplexed signal
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Figure 5.32: Eye diagrams of the demultiplexed signal that can either be transmitted to the
forward directed output (point E) or be reflected to the backward directed output (point A).
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BER versus switch power and wavelength of switch signal
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Figure 5.33: BER performance on wavelength and power of the switch sighg). =
—16 dBmM, T4sym = 25 PS,Tdelay = 10 ps andlsoa—» = 100 mA.

usually caused by a wrongly set line-switch signal delay, an incorrectly set polarisation con-
troller, an amplifier asymmetry that is too large or an input power that exceeds a maximum.
Figure 5.31 displays eye diagrams of different demultiplexed signals where one system para-
meter was not adjusted correctly. In subplot (a) the delay between the line and data signal is
set incorrectly. As a result the window in time is located betweenxwdsb/s channels res-

ulting in zero output power. Subplot (b) displays the eye diagram for a polarisation mismatch
in the loop. This results in parasitic eyes of increasing power with time. If the amplifier
asymmetry is too large the window extends beyond the channel to be demultiplexed (c). Ad-
ditionally, in this case parasitic eyes exist, but now of decreasing power with time until the
next demultiplexed pulse appears. If the input power is too large (d) the signal switches itself
resulting in what appears as a significant eye closure and parasitic eyes. In all the cases (a)
to (d) a BER of> 10~2 was measured. Except for the wrongly set system parameters the
same settings as in Sec. 5.3.3 were used. Observation of the eye diagram at the output of
the all-optical demultiplexer allows the determination of wrongly set parameters and of the
action that should be taken to improve performance.
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BER curves versus received power
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Figure 5.34: Penalties of the all-optical demultiplexer configuration

(a) Eye pattern of the 10 Gb/s input signal (b) Eye pattern of the demultiplexed signal
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Figure 5.35: (a) Eye diagram of the Gb/s line signal. (b) Eye diagram of the demultiplexed
signal. (c) Eye pattern of the5 Gb/s input signal. (d) The regenerated eye diagram.
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Reversed operation of the TOAD

The polarisation controller 1 in the loop is set in such a way that an additional phase shift of
180° is added. The demultiplexed signal will, instead of being transmitted, be reflected. Fig-
ure 5.32 displays the eye diagrams of the demultiplexed signal for normal operation (subplots
(a) and (b)) and for operation where the polarisation controller a8laisphase (subplot (c)

and (d)). In both cases the remainder of the demultiplexed signal contains the eye diagrams
of the remaining three channels. These three eyes are of different power as a result of the
periodic €.5 GHz) gain saturation.

Performance dependence on the switch signal wavelength

In the previous experiments the wavelength of the switch signal was $82@am, shifted

far away from the wavelength of the line signal. For different wavelengths the bit error rate
was measured as a function of switch signal input power. The input power of the line signal
was set to-16 dBm. This way even for low switch powers the saturation of SOA-2 is not in-
fluenced by the line signal. Figure 5.33 displays the dependence. Adund, = 1316 nm

the TOAD reaches its maximum sensitivity to the switch signal power. Lessth@adBm of
optical switch power is required to obtain error free demultiplexing. If the wavelength is de-
creased to shorter wavelengths more power is required for error free operatio3il 241m

the wavelength of the switch signal lies too close to the wavelength of the line signal and
severe cross talk limits performance for higher powers of the switch signal. This experiment
displays the advantage of using a switch signal of longer wavelength.

Polarisation sensitivity

The polarisation sensitivity of the TOAD based demultiplexer has been determined by placing
a polarisation controller at the input of the TOAD. For future planned transmission experi-
ments it is of the utmost importance that the polarisation sensitivity is small. Rotation of the
wheels of the polarisation controller resulted in power variations of lesstfiatB at the in-

put of the2.5 Gb/s receiver. The implication to the BER performance depends on the amount
of input power to the optical switch and the receiver. If the line input power is between the
maximum and minimum allowed power no deterioration in BER performance is perceived. If
the line input power corresponds to a value on a BER slope variations in BER are observed.
Experimentally observed variations in the BER correspond to BER variations following from
these power fluctuation mapped to Figs. 5.25-5.28.

Penalties

Insertion of an optical demultiplexer generally causes a reduction in performance. To meas-
ure this thel0 GHz pulse train at the transmitter side is modulated wittd &5b/s PRBS
signal where every second, third and fourth bit are set to zero. This is don2fer BPRBS
sequence. This pattern is programmed four times at bit level into the memory of the pulse
pattern generator. As the size of this memory is limited, only short PRBS sequences fit. The
input level of the line signal to the optical demultiplexer is set-tt8 dBm and the switch
power to—6 dBm. The input power to the photodiode of the receiver is varied with an optical
attenuator and for different input powers the BER is measured. This is done for three different
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situations. First 2.5 Gb/s signal is generated and fed into the receiver. Figure 5.34 displays
this curve ¢) which is the reference or back to back BER curve. Secondly the TOAD switch
and cross gain-switched ring laser are inserted and a BER curve is measured. In Fig. 5.34
this curve is referred to as the regenerated cusye Kinally a10 Gb/s signal is applied to

the TOAD and a BER measurement is performed ortheSb/s demultiplexed signaby.

With respect to the base line the demultiplexed curve displays a power pen2lt/dB at

a BER of10~°. The regenerated BER curve displays a negative penaly6afB at a BER

of 10~°. The eye diagrams of the signals involved are depicted in Fig. 5.35. Although the
eye diagram of the regenerated Gb/s signal (subplot (d)) looks more distorted than the
2.5 Gb/s input signal the bit error rate curve indicates a small improvement. This discrepancy
can be explained from the sensitivity of t& Gb/s receiver to the pulse width of the re-
ceived signal. As stated in Chapter 3 the Gb/s receiver is sensitive to the spectral content

of the detected signal. The spectral content of the regenerated signal will be different from
the2.5 Gb/s line signal because of the interaction with the nonlinearity of the optical demul-
tiplexer. This was not experimentally confirmed. Th8 dB penalty of the demultiplexed

2.5 Gb/s signal is most likely caused by channel cross talk which manifests itself through
degrading BER performance when in-band ASE is present. In addition, pattern effects due to
amplifier saturation contribute for a minor part to this penalty.

5.3.6 Discussion and Conclusions

From the results presented in the previous subsections some important parameters are indic-
ated and conclusions are drawn. The difference between the minimum input line power and
the maximum line power before the BER exceedslthie® error margin can be defined as

the dynamic range of the demultiplexer and should be as large as possible. The maximum
dynamic range obtained in this experiment3sdB. It is the dynamic range that enables the
demultiplexer to compensate for power penalties that occur once a transmission link is added
to the system and dispersion and noise deteriorate the received line signal. The polarisation
sensitivity should be subtracted from this figure to obtain a more realistic value. The min-
imum switch signal power has been measured tesbel0 dBm. Low switch powers result

in a SOA that is not unnecessarily saturated and will therefore exhibit a high gain. This is
important because the demultiplexer will also function as an optical preamplifier in OTDM
transmission systems. The adjustment of the parameters can be made by optimising the BER
or by observing the eye diagram of the demultiplexed signal. Analysis of the eye diagram is
preferred as it allows more direct adjustment and control of essential system parameters. An
automated management system could be realised by using digital (image) processing tech-
nology. Successfull0 Gb/s to2.5 Gb/s demultiplexing is demonstrated using a purposely
designed cross gain-switched ring laser. With respect to futu@b/s to10 Gb/s demulti-

plexing experiments there is no reason not to use these long MQW SOAs as was the case for
in-line use. A decrease of dynamic range and an increased sensitivity to time jitter (smaller
intervals forr,gym andrgeiq,) could pose as possible system performance limiting factors.
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5.4 40 Gb/s to 10 Gb/s all-OTDM

5.4.1 Introduction

The realisation of the TOAD based optical switch in combination wittDaGHz optical

clock recovery circuit that provides the narrow optical switch pulses allows the realisation
of a 40 Gb/s to10 Gb/s demultiplexer. In the next subsection the experimental configur-
ation required for implementation is detailed. Section 5.4.3 deals with the performance of
this configuration. Limited BER measurements have been performed compared to Sec. 5.3
because the introduction of the optical clock recovery in a feedback configuration with the
optical switch does not improve the mechanical stability of the entire system. In Sec. 5.4.6
the results are discussed. Conclusions are drawn and directed telaetiés transmission
experiments discussed later.

5.4.2 Experimental setup

Figure 5.36 displays the optical scheme of #leGb/s to10 Gb/s all-optical demultiplexer.
The10 Gb/s pulse pattern generator providd$)asHz clock for the external-cavity tuneable
mode-locked laser (ECTMLL) generating3gps wide optical pulse train. A0 Gb/s NRZ
pattern is superimposed on this pulse train via the modulator. A booster amplifier, booster-1,
is inserted to compensate for the intrinsic modulator loss. After this amplifier@b/s RZ

signal is available to the input of the optical multiplexer.

The optical multiplexer is a passive functional unit built up around splitter-1 and -2 and
adjustable optical delays-1, -2, -3 and -4. Each delay consists of a length of optical fibre
to achieve a coarse delay between the channels and to decorrelate the phase and state of
polarisation of the individual channels. An adjustable optical delay allows fine tuning of the
position of eacl 0 Gb/s channel in th¢0 Gb/s data signal (delay 1-4). The four time delayed
replicas of thel 0 Gb/s signal are re-joined by using splitter-2. The delays of channel 2, 3 and
4 to channel 1 amount ®150.3 ps,4500.8 ps ands675.5 ps, respectively. The insertion loss
amounts t®.3 dB of which6 dB is due to the second splitter. Connector losses, excess loss
of the splitters and losses in the lens ferrule based adjustable delays account for the remaining
3.3 dB loss. The four branches do not contain polarisation-maintaining fibre or polarisation
controllers. Therefore the polarisation of each channel is random. This will not degrade the
performance of the demultiplexer or the transmission link (Sec. 5.5) because any polarisation
dependent saturation of the amplifiers will further be reduced, although it might result in
small differences in performance between individual channels. After the optical multiplexer
and attenuator-1, SOA-1 amplifies the signal to a level where it can be launched into e.g. an
optical link.

Filter, BPF-1, is used to remove out-band ASE from4hé&sb/s signal that is incident to the
optical demultiplexer. Figures 5.37 and 5.38 display the physical realisation of the transmitter
and optical multiplexer, respectively. The construction of the TOAD based switch is similar
to the one constructed in Sec. 5.3 with the exception that coupler-1 (FBT 124) was replaced
by another coupler (FBT 118). This coupler had less than ideal properties with respect to the
90° phase shift between the output ports (See Chapter 2). Following the numerical simulation
results of Chapter 2, implementation of this non-ideal coupler can improve the performance
of the demultiplexer. The output of the TOAD is filtered (BPF-2) such that the switch signal
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PPG
MZ mod-1
SOA-1 RF-1
splitter-1, - SOA-3
delay-1to - booster-1
BPF-1
ECTMLL BPF-3
att-4
Figure 5.37: Experimental realisation of the transmitter and optical multiplexer
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Figure 5.38: Experimental realisation of the optical switch (TOAD)
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is removed. The remaining demultiplexed signal is partly injected into the receiver and partly
amplified (SOA-3) after which it is fed into the optical clock-recovery circuit. Couplers-1, -3,
-5, -6 and -10 are used for monitoring purposes. The output of the clock recovery is amplified
(SOA-6), filtered (BPF-5) and delayed in an adjustable delay (delay-8) for controlling the
phase between the line and switch signals.

Before measurements are performed, the system is started by transmitting only one highly
powered channel. This channel is fed into the demultiplexer in absence of the switch signal.
The unsaturated TOAD amplifier (SOA-2) exhibits a high gain and saturates on this signal.
Despite a distorted appearance of the channel at the output of the TOAD, the clock recovery
circuit will lock upon thel0 GHz component of this signal and a train of recovered pulses
becomes visible. These pulses are fed into the switch signal input of the TOAD. Under
the assumption that the amplifier asymmetry and line-switch signal delay are set correctly,
the signal at the output improves in such a way that operation of the clock recovery circuit
improves further. After optimisation with respect to the BER of all the controls the remaining
channels are switched on one by one. Once all the settings are optimised the system remains
stable forx 30 minutes after which readjustment is required to keep the system synchronised.

5.4.3 BER performance versus input powers

The performance of the OTDM transmission systems depends strongly on the amount of
power variation that is allowed at the input of the optical switch in Fig. 5.36. In Fig. 5.39 the
bit error rate is measured for different input powers of the optical switch. This is done for all
four channels. The dynamic input range, at a BER®f?, equals7.1, 7.2, 6.9 and6.9 dB

for channel 1, 2, 3 and 4, respectively. The average sensitivity of the demultiplexing receiver
is achieved forP;,,. = —15.6 dBm. If the input power increases te8.4 dBm no error free

(BER = 10~?) demultiplexing is observed. The maximum difference in receiver sensitivity
exists between channel four and channel two and amouft8 tiB at a BER ofl0~°. These

four curves have been measuredfLii.n = 0 dABM, Ty5ym = 8 PS. Taetay ANAPppotodiode:

the power incident on the photodiode of the receiver, are all optimised for each data point. The
current of SOA-2 equals75 mA. The currents of SOA-3 and SOA-6 are adjusted such that
the experimental conditions are met with resped®iQ;;.,.. SOA-4 and SOA-5 are adjusted

such that stable clock recovery takes place and variations of attenuator-3 can be as large as
possible while maintaining stable clock recovery. Attenuator-3 and polarisation controllers-
4 and -5 are adjusted such that tte GHz component of the recovered clock signal that

is available as a trace on the digital sampling oscilloscope exhibits minimal amplitude and
timebase related fluctuations. Delay-7 is adjusted such that the roundtrip time is a multiple of
100 ps. Delay-6 is adjusted such that the amplifier is located between the centre of the loop
and the position where the system locks up which occurs,fgf, ~ 10 ps. This adjustment

is an iterative process where no unique settings exist. This is due to the interdependence
of parameters and the limited ways of observing and assessing the quality of the recovered
clock and the demultiplexed signals (BER and temporal envelope from the digital sampling
oscilloscope). Fig. 5.40 has been likewise measured with the exception that the input power
to the switch equal®};,. = —13 dBm andP;,,;:1, is varied by adjusting the gains of SOA-6

and SOA-3. Under these conditions an averaged swing over the four chanAedsiaf in

Psiter, guaranties error free demultiplexing.  The differences in sensitivity to fluctuations
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BER versus input power of the 40 Gb/s line signal
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Figure 5.39: BER performance of the all-optical demultiplexer for diffedenGb/s line
signal input powers.
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Figure 5.40: BER performance of the all-optical demultiplexer for diffet®nGHz switch
signal input powers.
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BER versus amplifier asymmetry
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Figure 5.41: BER performance of the all-optical demultiplexer for different amplifier asym-
metries.
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Figure 5.42: BER performance of the all-optical demultiplexer for different line-switch signal
delay.
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in P,yiten between individual channels is limited 490.8 dB at a BER ofl0—?.

5.4.4 BER performance versus time delays

Equally important as the line and switch signal input power dependent performance of the de-
multiplexer is the effect of amplifier asymmetry and line signal to switch signal delay on the
BER performance. FaP;;,. = —13 dBm andPs,,;;.;, = 0 dBm the BER has been measured

for different amplifier asymmetries. Fig. 5.41 displays the results graphically. For channel 1,
2, 3 and 4 the allowable amplifier asymmetry varies betwkeén- 14.1 ps,4.0 — 14.1 ps ,

5.1 —14.3 ps andb.9 — 15.4 ps, respectively. From the graph it is observed that the amplifier
should be located0 + 2 ps from the centre of the loop. However, when implemented after a
transmission link possible dispersion induced pulse broadening requires a smaller time win-
dow and therefore a smaller amplifier asymmetry. An amplifier asymmeg&p®fs therefore

more realistic. In addition the BER curves in Fig. 5.41 are not symmetrical,ij3, = 0.
Demultiplexing is only observed for positive amplifier asymmetries. This is in stark contrast
with Fig. 5.30 where the BER performance is line symmetric with respegiig, = 0. The

main reason for this lies in the fact that a different coupler is used comparedto Gia's to

2.5 Gb/s demultiplexer. The phase difference between the output ports of this coupler devi-
ates from the ide@0°. From Chapter 2 this automatically has consequences for the channel
extinction ratio which improves for,,,,, > 0 but deteriorates for,s,,, < 0. Moreover,
performance will depend strongly an,,, because of its influence on the residual phase
shift between the clockwise and counter clockwise travelling time intervals that correspond
to the channels not demultiplexed. This phase shift fédfshould preferably match twice

the deviating phase between the output ports of the coupler. For amplifier asymmetries bey-
ond 15 ps the time window becomes too broad and neighbouring channels interfere. This is
interesting because in this case the window is larger tha®btps bit time. In addition to the
amplifier asymmetry the delay between the line and switch signal is also of importance. To
this end under the same conditions with,,, = 8 ps the delay between the line signal and
switch signal is varied and the BER measured. This is done for all four channels. Fig. 5.42
displays the result. Optimum performance for all four channels is achieved if the switch pulse
travels8 — 12 ps behind the pulses of the channel to be demultiplexed.

5.4.5 Miscellaneous experiments

In this section outcomes and findings of additional experiments are presented. In contrary to
Sec. 5.3 eye diagrams are not presented here but in Sec. 5.5 wRB&i transmission
experiment is performed.

Polarisation sensitivity

Similar to thel0 Gb/s t02.5 Gb/s OTDM experiment the sensitivity of the experimental
setup to polarisation rotations at the input of the optical switch is investigated. To this end
a polarisation controller was placed before the input of the optical switch. The polarisation
controller consisted of a quarter-wave plate and a half-wave plate which allows variation
between all states of polarisation. Power fluctuations withdrdB are observed and are
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40 Gb/s BER performance of the OTDM system
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Figure 5.43: BER performance of the all-optical demultiplexer (solid line: without all-
OTDM, dashed-dotted line with all-OTDM)
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Figure 5.44: Typical eye diagrams of the TOAD output and clock recovery output when the
system has crashed
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uncorrelated with readouts of both indicator rings of the wave plates. For all states of polar-
isation the system remains locked to the relevant demultiplexed channel. In this experiment
the TOAD amplifier is saturated more severely than in the lower bit rate experiment (higher
switch energies and higher gains). This explains partly the improved insensitivity to changes
in the state of polarisation at the input compared td)tfieB of the low speed demultiplexer.

The implementation of a different coupler with different residual polarisation sensitivity also
changes the polarisation sensitivity.

Penalties

For all four channels the bit error rate performance is investigated. First, back to back BER
measurements are performed where the BER is measured as a function of signal power in-
cident to the photodiode;,hotodiode. NEXt, the multiplexer and optical demultiplexer are
inserted. BER measurements are performed for each channel with the other channels present.
Figure 5.43 displays the four BER curves with and without the OTDM system. The aver-
age power penalty introduced by the OTDM system.sdB. As the BER measurement

time increases beyonsg 30 minutes, alignment and control of the polarisation control-
lers and delay lines was needed to keep the system operational. The experimental condi-
tions are: Pjpe = —13 dBM, 74sym = 8.5 PS, Pswiteh = —3 dBM, Ajine = 1305.5 nm,

Aswiteh, = 1312.8 nm, 222 — 1 PRBS pattern. The current of SOA-2 equél$ mA. The
amplifiers of the all-optical clock recovery unit are biased as described in Sec. 5.2. The delay
between the line and switch signal (controlled by delay-8) varied betWgenand12 ps.

Similar to thel0 Gb/s t02.5 Gb/s demultiplexing experiment, the penalty is mainly caused

by channel crosstalk while pattern effects are believed to have a minor influence on this pen-
alty.

Instabilities

Already mentioned in this section is the occasional lock-up of the system. If this occurs
the output of the clock recovery and optical switch typically resemble the image shown in
Figure 5.44. From this state the system can be brought back into service by switching off
all but one of the channels and at the same time by increasing the input power to the optical
switch or by obstructing the recovery of the switch signal. This way &Hz component
appears at the output of the optical switch on which the optical clock recovery circuit can
lock. Careful adjustment of parameters postpones this seizure but eventually the system
seizes up as readjustments can no longer be made or have been made in the wrong direction.
As stated before without corrections made evdryo 15 minutes the system operates for a
maximum ofa 30 minutes. With periodic readjustments it is possible to keep the system
running for times exceeding tihours which is long enough to measure a BER curve. The
instabilities are believed to be caused by either mechanical vibrations and/or temperature
induced divergence of critical lengths of e.g. the cavity length of the clock recovery circuit.
Adjustment of amplifier currents result in changing refractive indices and thus in shorter or
longer propagation delays that can either compensate or strengthen variations in cavity length.
Also variations in optical power can stop system operation. For example, higher input powers
result in a stronger input signal to the clock recovery circuit. Besides pattern effects on the
recovered clock the amplitude of the recovered clock can decrease because amplifiers in the
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clock recovery circuit become more heavily saturated. A weaker switch signal will cause
less saturation of the amplifier in the optical switch which rises the gain of that amplifier.
Consequently the output of the optical switch rises which in turn decreases the power of the
recovered clock pulses. This process continues until either the clock recovery locks up or
the output of the optical switch is distorted to a degree where bit error rate measurements
can no longer be performed. The system can be made less sensitive to power fluctuations
by driving amplifiers into saturation. This way the output of the amplifiers becomes less
sensitive to power fluctuations at the input. The system can also be adjusted such that a
decrease in switch signal power results in a smaller forward gain of the window that fits the
demultiplexed channel. This reduction in forward gain could compensate the gain increase
due to lesser gain saturation.

5.4.6 Discussion and conclusions

In this section two functional blocks successfully interact with each other to form an all op-
tical demultiplexer with all optical clock recovery. The combination is able to demultiplex

a 10 Gb/s channel out of 40 Gb/s line signal. The introduction d0 to 40 Gb/s optical
multiplexing and demultiplexing fromM0 back to10 Gb/s results in an average power pen-

alty of 1.9 dBm. The behaviour of all channels is approximately identical. The maximum
deviation in receiver sensitivity between two channels amourit$tdB. Despite the period-

ically required readjustment of specific controls this system was uset i208 km, 40 Gb/s
transmission experiment.

During the measurements it was found that the configuration is sensitive to mechanical vi-
brations and temperature induced fluctuations of the state of polarisation. This results in
polarisation mismatch in the Sagnac based absorber and the TOAD based demultiplexer. If
not corrected, eventually the performance of these subsystems deteriorates and the system
will go off-line. Small BER optimising re-adjustments made evEpyto 15 minutes ensure

long term operation. The re-adjustments should be made carefully as a strong re-adjustment
in the wrong direction (degrading BER) may cause the system to crash. If this happens the
recovered clock and data signal can only be restored by following the procedure of Sec. 5.4.2.
The BER curves have been measured by optimising between individual BER measurements
(data points) but with the restriction that if the system crashes the BER curve is re-measured
from the beginning. Temperature and stress induced polarisation rotations in the optical clock
recovery circuit require periodic readjustment of the adjustable delay lines to compensate for
polarisation dependent roundtrip times. Adjustment of this delay line causes deviations in
the line to switch signal delay time. Although this deviation can be compensated for by re-
adjusting delay line-8, large scale BER versus amplifier asymmetry and line-switch signal
delay measurements are impractical.

5.5 216 km, 40 Gb/s transmission using SOAs

5.5.1 Introduction

The OTDM setup of Sec. 5.4 has only relevance if it can be incorporated into a long-haul
transmission system. In this sectio®a00 km transmission experiment is performed. The
acquired experience recorded in earlier sections of this thesis on the implementation of SOAs
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Figure 5.45: Experimental setup of theé Gb/s,216 km transmission system employing all-OTDM technology
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in transmission links and on all-optical demultiplexers has led to a revised view on in-line
amplification and a fully operational all-optical demultiplexer with all-optical clock recovery.
New ideas on in-line SOA-based amplification have led to the replacement ofdohgh)
amplifiers with short400 pm) amplifiers.

5.5.2 Experimental setup of the 216 km transmission system

Figure 5.45 displays the experimental setup of4heGb/s transmission experiment. The
transmitter and receiver are the same as described in Sec. 5.4.

Between the transmitter and receiver a transmission link has been established containing six
in-line SOAs, SOA-2 to -7, anfl16 km of SSMF divided into seven segments, fibre 1-7, of
37.9,27.7,36.5,27.2,37.3, 36.3, 12.8 km, respectively. SOA-2 to -6 have been implemented

in optical repeater units (ORUSs) that were also used i) &b/s field trial between the
cities of Kassel and Hannover in Germany for the European ACTS Project “Upgrade” [15].
In Chapter 4 it was demonstrated that using high gain in-line SOAs reduces the maximum
transmission distance by either too much gain (ASE noise limits performance) or by too
low a saturation output power (pattern effects limit performance). Implementation of shorter
amplifiers provides a higher saturation output power because amplifier generated ASE will
not saturate the amplifier and exhibit a lower gain that results in less generation of ASE.
The amplifiers in the ORUs ar#)0 ym long. The ORUs providél to 15 dB gain. ORUs

with less gain are implemented after short sections while ORUs with high optical gain are
used to compensate loss of larger sections of fibre. This way excess gain in the system is
avoided. Thet00 um long amplifiers are operated 20°C and driven by 200 mA current

by means of temperature and current stabilising controllers. Figure 5.46 displays the interior
of an optical repeater unit. The printed circuit board contains the optical amplifier (bottom-
right), isolators, WDM couplers, lasers and photodiodes for the management system used to
control the amplifier current and monitor the input and output powers. The service channel
of the management system operatek3ad nm and is controlled from the head-end ORU by

a personal computer. Additional fibre provides the return link for the service channel. The
link is terminated by an adjustable attenuator (attenuator-2) to determine the bit error rate
sensitivity to changes in received line power by the TOAD-switch. Optical band-pass filter,
BPF-1, eliminates out-band ASE. The optical link is depicted in Fig. 5.47. In the foreground
five ORUs are visible. To the right of the ORUs SOA-7 is visible which is not equipped
with a link management system. The bottom right depicts two of the 17 fibre spools, each
coiled up with an average aR.7 km of SSMF. The amount of power that is launched into
the link equals3 dBm (—3 dBm per channel). The power distribution in the link is depicted

in Figure 5.48. After fibre-7 a maximum o6f3 dBm of optical power is available. The
ORUs with SOA-2 to -6 have output powers beldwBm, while the input powers lie above

—12 dBm. If the insertion loss of the management system at the output of the SOA (2.1 dBm
typical) is accounted for the output powers of the actual modules lie beldndBm. The
insertion loss of the management system at the input of the amplifier amouhfsd8m
(typical). The actual input powers of SOA-2 to -6 lie therefore abev¢.9 dBm [16]. These
values are in agreement with the input and output powers of SOA-1 which does not have this
insertion loss. High-gain SOA-7 does experience a much lower input power and a comparable
output power. Thd 14 km unrepeatered experiment reprinted in Chapter 4 utilised a high-
gain SOA for optical preamplification. Although SOA-7 is followed by fibre section-7 the
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Table 5.2: Settings for error free demultiplexing afté6 km

parameter, min. average/typical max. notes

Isoa o 256 mA 318 mA 345 mA T = 20°C
Isos-12 | 350 mA 385 mA 400 mA T = 20°C

Tdelay 8.0 ps 9.5 ps 11.5 ps 0.5 ps resolution
Powiten —1.3dBm | 0.3dBm 1.5dBm

Pree —13.9dBm | —10.3 dBm —9.0dBm

original setup assigned SOA-7 as an optical pre-amplifier. In that case fibre section-7 was
intended to be situated before SOA-5. This configuration did not satisfy because error free
operation could not be achieved.

5.5.3 Results and discussion
BER performance

The same measurement procedures have been applied in this section as in Sec. 5.4 for obtain-
ing BER information. Figure 5.49 displays the bit error rate performance of the transmission
link. The solid lines are the back to back curves while the dashed-dotted lines are the BER
curves after216 km. The power along the horizontal axis is the power at the input of the
TOAD-switch.

For decreasing TOAD input powers the BER increases as the signal to noise ratio in the de-
cision circuit of the receiver decreases. For larger TOAD input levels the BER eventually
increases because the line signal is so strong that it will start switching the TOAD instead
of being switched by the switch signal. Back to back, the dynamic range amouhésdB

which is considerably smaller than tth& dB of thel0 Gb/s to2.5 Gb/s demultiplexer. The
dynamic range afte216 km has reduced td.2 dB. The total average penalty caused by the
transmission ove216 km of SSMF amounts td.0 dB. Error free transmission is observed

for all channels. The differences between the channels are likely to be caused by small differ-
ences in power and channel separation occurring in the optical multiplexer at the transmitter
side. This makes one channel more susceptible to ASE than other channels. Also differences
in state of polarisation between the four channels contribute to these differences, despite the
fact that in the eight SOAs averaging with respect to residual polarisation sensitivity of the
SOAs occurs. SOA-8 is set 105 MA, Tysym = 8 PS. Tdelay aNA Py itcp, are optimised to ob-

tain optimum BER performance by respectively adjusting delay-8 and the current of SOA-12.
The optical clock recovery is operated as described in Sec. 5.2. For each BER measurement
the clock recovery is fine-tuned from visual observations oflth&Hz component at point

D. If fine tuning accidentally leads to a system lock-up, the entire BER curve is remeasured.
The current of SOA-9 is adjusted such that the input power to the clock recovery is min-
imal. Attenuator-3 is adjusted such that the power incident on the photodiode 1f ie/s
receiver is not the BER limiting factor.
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Power distribution in the 216 km link (40 Gbit/s)
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Figure 5.48: Power map of th6 km, 40 Gb/s transmission experiment. B1 indicates the
booster amplifier, MUX indicates the optical multiplexer, Sx and Fy refer to in-line SOA-x
and fibre section-y.
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Signal to noise ratio in the 216 km link (40 Gbit/s)
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Figure 5.50: Signal to noise ratio after each amplifier (0 indicates the booster amplifier)
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Figure 5.51: Optical spectra of the demultiplexed signals measured at point C for each of the
four channels.
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Figure 5.52: Spectra of th®) Gb/s signal that is launched into the link (a), #eGb/s signal
after216 km (b) and the spectrum of the recovered clock (c).
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Spectral behaviour

Figure 5.50 displays the decrease of the signal to noise ratio as a function of transmission
distance. Data is obtained from the optical spectra that have been measured after each amp-
lifier. It can be seen that the signal to noise ratio gradually decreases. After SOA-7 the signal
to noise ratio iscx 16 dB. In the beginning of the link the signal to noise ratio decreases
rapidly while after SOA-3 the deterioration of the signal to noise ratio per SOA progresses at
a slower rate.

Figures 5.51 and 5.52 display the demultiplexed spectra of the four channels at point C,
the spectra of the link input and output signal and the spectrum of the recovered clock.
The 40 Gb/s link input and output spectra show the individual modes which are spaced
0.23 nm from each other corresponding#040 GHz. The exact wavelength of the signal is
1305.7 nm. The spectrum of the received signal has narrowed considerably. This indicates
possible pulse broadening. The optical spectra of the fo@b/s channels do not show any
abnormality. The signal to noise ratio could not be measured as BPF-2 and -3 hide the noise
level outside the bandwidth of the signal. In addition, it can be observed thd0tGéiz
spaced spectral components have disappeared.

Temporal behaviour

Figure 5.53 displays part of2{f — 1 PRBS,40 Gb/s signal at the output of the transmitter

and after216 km of SSMF. Although ringing of the detector distorts the pattern, logical ones
and zeros can be distinguished quite clearly. Figure 5.54 displays the averaged temporal
response of a demultiplexed signal after transmissid@16km of SSMF. There is no visual
evidence of significant channel cross talk. One channelis clearly visible. The remaining three
channels are suppressed. However, some pattern effects have become visible that result from
encountered amplifier saturation in the link or in the optical demultiplexer. These effects do
not appear to be severe. The lower subplot contains the unaveraged temporal envelope of the
recovered clock of 222 — 1 PRBS signal. Compared to Fig. 5.16 the recovered clock pulses
are subject to noise and time jitter. Despite the noise and jitter individual clock pulses are
clearly distinguishable. The signals are measured using a digital sampling oscilloscope that
is pattern triggered by the PPG at the transmitter side. Figure 5.55 displays the eye diagrams
of the 40 Gb/s line signal afted km (a) and216 km (b). The ringing of the photodiode is
responsible for the eye closure. Most of the noise is introduced by the PIN photodetector and
sampling stage of the digital sampling oscilloscope. Figure 5.56 displays the eye diagrams of
the four demultiplexed channels aft&6 km of transmission (BER of0~?). The formation

of an open eye is visible. The relatively large amplitude fluctuations in the peaks of the eyes
can be explained from multiple causes such as pattern effects that have already been made
visible in Fig. 5.54 (a). Recovered clock pulses that exhibit time jitter and/or pattern effects
can have a negative impact on the shape and position of the time window which can lead to
amplitude fluctuations of the demultiplexed signal.

Finally autocorrelation traces have been measured to provide insight into possible broadening
due to dispersion. Figure 5.57 displays the autocorrelation traces 4 t8b/s signal that is
launched into the link and is received af2d6 km. Significant pulse broadening is observed.

The width of the autocorrelation trace affi6 km of transmission has doubled compared to

the width after) km. Under the assumption that the pulse shape at the output is not changed
significantly with respect to the pulse shape at the input of the link, the width of the received




174 CHAPTER 5. ALL-OPTICAL SIGNAL PROCESSING SYSTEMS

(a) 40 Gb/s pattern launched into the line

100 T T T T T T T T

_ 8o s*. ?‘ A ‘Q‘ B 4 57
Z ol §i R O 1 N S A
S d §oadoonn ofg o6 B
8o I Padiiiy BLr,0iY Has
S > % LN -," '{ i:..5‘-\
5 205 §34 ;:;§§,:ﬁ (158 x.{l“}' §iivi
ERPAY TR I RN Y Oy b i
LoV EY G HYY RV YV LY
o g b ¥ ¢ i ¥

_40 L L L L L L L L L
50 100 150 200 250 300 350 400 450 500
time [ps]
(b) 40 Gb/s pattern leaving the line after 216 km
50 T T

w Iy
Pagvec 3
&
e
fhc N
X
b )
.
v
.
&\v‘\

> i 3
< 0 BAES 5 o0 BB APH AN
g 0b 1} IR LIRS WA IR 1 ISEIE RSy
s Y RS PR RN IS SRS
§“’ﬂvj;«b¥iii~mi;§§ TR AR TR
g T2 VYT . } : 3 je ®
2 0 is -g‘;,“ $ if iy % ¢ vi ot # 5
o} N 3 z & _é
CEYY O E¥¥ YTy ¥V ¥ g
_20 L L L L L L L L L

0 50 100 150 200 250 300 350 400 450 500

time [ps]

Figure 5.53: Part of th2” — 1 PRBS,40 Gb/s data signal at the input (a) and output (b) of
the216 km link (time averaged).
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Figure 5.54: (a) Part of 2" — 1 PRBS demultiplexed channel at the output of the TOAD
(averaged). (b) Temporal response of the recovered clock output (unaveraged).




175

5.5. 216 KM, 40 GB/S TRANSMISSION USING SOAS

(a) 40 Gb/s eye diagram of line signal after 0 km
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Figure 5.55: (a)0 Gb/s eye diagram aftérkm. (b)40 Gb/s eye diagram aftei6 km.
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(a) autocorrelation trace of 40 Gb/s signal after 0 km
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Figure 5.57: (a)l0 Gb/s autocorrelation trace afterkm. (b)40 Gb/s autocorrelation trace
after216 km.
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Figure 5.58: Autocorrelation traces of each of the fé0rGb/s line signal demultiplexed
channels afte216 km.
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Table 5.3: Saturated and unsaturated gains of the in-line ORUs and amplifier modules. SOA-
2 to SOA-6 are ORUs with00 pm long amplifier modules. SOA-1 and SOA-7 are modules
of 400 pum and800 pum length, respectively.

in-line serial | current| in-line gain | small signal gain| gain compression
number| number| [MA] [dB] [dB] [dB]
SOA-1 255 150 16.6 17.1 0.5
SOA-2 258 200 10.0 10.5 0.5
SOA-3 251 200 13.4 13.8 0.4
SOA-4 256 200 13.8 14.2 0.4
SOA-5 257 200 111 11.0 -0.1
SOA-6 253 200 11.9 12.1 0.2
SOA-7 322 175 18.1 20.2 2.1

pulses is estimated &sps. With a pulse separation 85 ps inter symbol interference (ISI)

can be neglected. Figure 5.58 displays the autocorrelation traces of the four demultiplexed
channels. Th&0 Gb/s autocorrelation traces are in agreement withith&b/s autocorrela-

tion trace of the received signal depicted in Fig. 5.57.

Gain compression in the 216 km link

Pattern effects and noise are the main sources of power penalties in semiconductor optical
amplified transmission systems. Pattern effects are caused by the inability of semiconductor
amplifiers to maintain a constant inversion during amplification of rapidly fluctuating input
powers. The carrier lifetime of SOAs4s 200 ps which is short compared to a long sequence

of logical ones at bit rates of even up 160 GHz. Therefore saturation effects will be loc-
alised in time intervals in the order of the carrier lifetime. Consequently when the amplifier
is saturated, the average gain will be lower with respect to the unsaturated small signal gain.
This has been measured for the seven in-line amplifiers ditié&m link (See Table 5.3).

The gains of the amplifiers when inserted in the link is listed in the fourth column. The unsat-
urated gains are listed in the fifth column under “small signal gain”. The difference between
these two columns is called the gain compression and is listed in the last column. All amplifi-
ers except SOA-7 (#322) ad60 um long. SOA-7 has a length 800 um. From Table 5.3 it
becomes clear that the short amplifiers of the ORUs and SOA-1 exhibit limited saturation. An
average gain compression@B dB per amplifier should be accounted for. SOA-7 is a high
gain,800 um long amplifier module similar to the ones used in Sec. 4.4. SOA-7 is on its own
directly responsible for a gain compression of the same order as the already accumulated gain
compression of all the other amplifiers. Fortunately SOA-7 is the &hy:m long amplifier

in the link (At the time of measurement, only gi80 um long SOAs were available).

5.5.4 Conclusions and recommendations

216 km has been bridged error free at a bit ratd@fSb/s. All-optical multiplexing and de-
multiplexing with all optical clock recovery technology has been incorporated successfully.
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A penalty of4.0 dB is observed which is caused mainly by the build up of ASE. In com-
bination with an increased fluctuation of extinction ratios between individual pulses makes
this ASE noise build up the main cause of this penalty. Pulse broadening is observed but is
not responsible for the penalty. Pattern effects have been reduced by using short amplifiers
that exhibit a higher saturation output power. The length of each section of fibre is matched
to the gain of a specific ORU. In addition the input power of the ORUs is chosen such that
the ORUs operate in the linear regime while at the same time it is ensured that amplified
spontaneous emission build up does not deteriorate the signal beyond the border of error free
detection. Itis strongly recommended that future OTDM transmission experiments utilise an
improved or optimised version of the TOAD. This allows more specific BER measurements
with respect to variations in input powers and delay settings. Automation of a future setup is
strongly recommended.

5.6 All-optical regeneration at 10 Gb/s

5.6.1 Introduction

In Chapter 4 experiments were performed witB0@ km link comprising high gain semi-

conductor optical amplifiers. These SOAs provided so much excess gain (if a high saturation
output power is required) that the ASE level increased after four cascades to a level where
error free transmission becomes challenging. Higher signal input powers were able to com-
pensate for this rising ASE floor. However, increased signal levels lead to more pattern effects

A
: 10 Gb/s
A A, -/. Al output
10 Ghis - A,
input
optical clock recovery optical switch
(@)
(b)
A,
! 10 Gb/s
Ay A e Al output
10 Gbls - AL
input

optical switch

Figure 5.59: (a) Optical regeneration with wavelength conversion. (b) Optical regeneration
without wavelength conversion.
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and more chirp. Together with fibre nonlinearity induced self-phase modulation this led to
the breaking up of the spectra and the formation of pedestals. This occurred typically around
the zero dispersion point where third-order dispersion is dominant. In this section it will be
shown that the TOAD based optical switch in combination with the all-optical clock recovery
circuit is able to improve an optical signal that has travelled through the before mentioned
system.

Most optical regenerators assume the configuration depicted in Fig. 5.59 (a) [17], [18]. In
this configuration the signal, at, to be regenerated controls a clock recovery circuit that
generates a pulse train at a different wavelengthThis pulse train is modulated by the sig-

nal to be regenerated. The shape of the new signal is fully determined by the characteristics
of the clock recovery circuit and is free of noise, pattern effects and time jitter. If conversion
to a different wavelength is undesirable then a possible solution is depicted in Fig. 5.59 (b)
where the signal with noise and pattern effects is resampled and reshaped.

In this case the clock is recovered from the input signal. Even though Fig. 5.59 (b) displays
a configuration where the clock recovery is derived from the incoming signal, there is no
impediment to recovering the clock from the output as in Secs. 5.4 and 5.5. Recovery of the
clock from the output of the switch has the advantage that the clock is driven by a refurbished
signal, free of pedestals, and will therefore improve performance.

5.6.2 Experimental setup

Figure 5.60 displays th200 km transmission system withh) Gb/s all optical regeneration.

The wavelength of operation i305.5 nm. 3 dBm of optical power is launched into the

link by SOA-1. After200 km the line signal is filtered, attenuated and fed into the optical
switch. This switch is identical to the TOAD based optical switch depicted in Fig. 5.36.
The output of the optical switch is partially guided into the all-optical clock recovery circuit
(Fig. 5.36) and into the receiver where the bit error rate is measured. Optical spectra, temporal
envelopes and autocorrelation traces can be measured by connecting an optical spectrum
analyser, digital sampling oscilloscope or autocorrelator to one of the desired tab-couplers-
1, -3, -4 or -5. Booster-1 and SOA-2 to -5 are operateddft mA at a temperature of
20°C. SOA-1 is biased witl200 mA, at a temperature af0°C. The optical switch and

clock recovery circuit are operated as described in Sec. 5.4. SOA-6 and SOA-7 are biased
with 400 mA and265 mA, respectively. The input power of the switch signal to the optical
switch was adjusted t@dBm. During the BER measurements delay-1 and attenuator-2 were
continually adjusted for optimum BER performance. The input power to the optical switch
varied between-16.5 dBm and—14.9 dBm. Upon switch on of SOA-6 and -7 the optical
clock recovery started automatically.

5.6.3 Results and discussion

Figure 5.61 shows that power penalties are reduced when the all-optical regenerator is im-
plemented. The reduction of the power penaltf 8fdB amounts td..1 dB after200 km of

SSMF transmission. Aftel00 km the reduction equals6 dB. Back to back measurements
reveal a small positive power penalty. In addition to an improved receiver sensitivity the
formation of BER floors has ceased. At a BER#fl0~!? the “200 km with regeneration”

curve intersects with thel90 km without regeneration” curve. For low BER performance the
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Figure 5.60: Experimental setup of t%&0 km transmission system with all-optical regener-
ation.

transmission distance can be doubled if all-optical regeneration is employed at the receiver
side. The eye diagram of the optical signal afted km with and without optical regenera-

tion is depicted in Fig. 5.62. Both eye patterns are measured at a BER dfnd show an

open eye supporting the measured error free transmission. In addition to the eye diagram the
optical spectra and autocorrelation traces have been measurezdafken at a BER ofl0—?.

Figure 5.63 (a) shows the spectrum of #eGb/s link input signal. Subplots (b) and (c)
display the input to, and the output of the optical switch. Although the spectrum of the line
signal has broken up, error free detection was still possible 3Time wide optical filter BPF-

2 cuts off part of the spectrum. BPF-2 has been adjusted such that optimal BER performance
was measured. When the optical regenerator was inserted BPF-2 remained unchanged. From
subplot (c) it follows that the optical power from the switch signal #eéslB below the power
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Figure 5.61: Bit error rate performance afte 00 and200 km of al0 Gb/s RZ formatted
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Figure 5.62: Eye diagrams of the receid@dGb/s signal afte200 km with and without all

optical regeneration.
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Figure 5.63: (a) spectrum a6 Gb/s signal launched into the link, (b) spectrum at the input of
the optical regenerator afted0 km, (c) spectrum of the recovered signal at the receiver input
after200 km, (d) spectrum of the recovered clock af2ép km, (e) solid: autocorrelation of

the signal launched into the link, dashed: autocorrelation of the signatattéam, (f) solid:
autocorrelation of the recovered clock, dashed: autocorrelation of the regenerated signal. ((a)
to (d): centre wavelength300 nm, spanl00 nm, resolutior0.1 nm, 10 dB/div, (e), (f):

5 ps/div, normalised)

of the reconditioned signal. The spectrum of the recovered clock is depicted in subplot (d)
and does not display any aberration from a normal signal. Figure 5.63 (e) shows that the
pulses of thel0 Gb/s line signal afte200 km contain a pedestal. This is in correspondence
with the spectrum in subplot (b). which shows significant deviation from the spectrum of
the initially launched signal (subplot (a)). This pedestal decreases the extinction ratio which
results in significant eye closure. The optical switch is able to reduce this pedestal and thus
improve the eye opening. Subplot (e) shows the autocorrelation trace after regeneration. It
can be seen from subplot (f) that the pedestal is removed but that the pulses have broadened
by approximatel\30%. This broadening occurred during the switching process where the
spectral contents of the line signal was changed. The optical pulses and the recovered clock
are of the same width.
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5.6.4 Conclusions and recommendations

Successful all-optical regeneration has been performed. It is demonstrated th2@@ker

power penalties can significantly be reduced and that formation of noise floors is counterac-
ted. The all-optical regenerator is self-starting. The improvement of system performance is
attributed to a reduction of the formation of a pedestal that is responsible for extinction ratio
degradation. Extinction ratio degradation makes the system vulnerable to ASE. It is recom-
mended that additional experiments be performed where the recovered signal is launched into
a secon00 km link or where the all-optical regenerator is inserted into an optical recircu-
lating fibre loop.
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Chapter 6

Discussion

Up to now the simulation and measurement of transmission systems with and without all-
OTDM systems has been presented. An important issue is how these results relate to what
has been found in this thesis and to what has been previously presented in literature. To this
end several topics are treated, starting with implications for long-haul high-speed transmis-
sion in Sec. 6.1. All-OTDM, regeneration and all-OCR are discussed in Sec. 6.2. Section 6.3
deals with aspects that have influence on the implementation of the laboratory work either in
the field or in a commercial system. Finally, some recent developments and future trends are
presented in Sec. 6.4. The complexity and uniqueness (with respect to the wavelength of op-
eration and the use af3 um polarisation insensitive MQW SOAS) of the research described

in this thesis, makes it difficult to compare results with results obtained from literature. Dif-
ferences in wavelengths, bit rates, components used and experimental conditions hinders fair
comparison.

6.1 Long-haul high-speed transmission

6.1.1 Dispersion management

Dispersion management is a measure to prevent chromatic dispersion from broadening the,
in the case of RZ transmission, optical pulses. Pulse broadening results via ISl in eye closure
and reduced BER performance. There are three different ways of compensating for dis-
persion. One has already been mentioned in Sec. 1.3, where the fibre nonlinearity induced
self-phase modulation is employed to compensate for the dispersion. Other methods involve
mid-span spectral inversion (MSSI) and the introduction of dispersion-compensating fibre
(DCF) or fibre gratings. MSSI involves flipping over the optical spectrum such that the “red”
frequencies become “blue” and vice versa. This is performed utilising FWM based techno-
logy which generates an optical phase conjugated (OPC) signal. If this is done in the middle
of the transmission link the pulses will broaden in the first half and be compressed to their
original width in the second half of the link. The most important drawback is the fact that
MSSI must take place near the middle of the link. In40]Gb/s,434 km SSMF, MSSI based
transmission at551 nm is performed successfully. A dispersion-compensating fibre or a
fibre grating can be placed anywhere in the link to compensate dispersion. Parameters must
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be adjusted to the length of the link and wavelength of operation. Rec2fliym, 40 Gb/s,
unrepeatered transmissionl&68 nm has been reported [2] using this kind of dispersion com-
pensation. Self-phase modulation as a means of dispersion compensation is favourite because
no external components are required. For wavelengths above the zero-dispersion wavelength
of the fibre the Kerr-nonlinearity leads to SPM induced pulse narrowing. Two difficulties
arise. Firstly, as a result of fibre losses the pulse power decreases with distance. This reduces
SPM and thus the dispersion compensation at the end of the fibre link. A second problem
arises when semiconductor optical amplifiers are used. These amplifiers impose pattern ef-
fects on the data signals via the effects of gain saturation. Different bits will have different
power and consequently a different chirp. Interaction with dispersion causes problems as
low powered bits will broaden more than high powered bits. In addition, pulses will tend to
become chirped. According to Eq. 1.13 governing soliton shape, spectral components which
do not fit this pulse shape manifest themselves as dispersive waves that travel with different
velocity and may cause eye-closure when these waves enter neighbouring bits. The results
presented in Sec. 4.4 support this. In Chapter 5 the input levels dbtib/s signals have

been reduced to avoid the problems described above. Reduction of input power increases
sensitivity to ASE. This leads to the conclusion that performance of the link is limited by
saturation of the amplifiers that, vigy, interacts either with dispersion or by ASE build up.
Therefore, introduction of DSF which can act as DCF.at um is not a practical alternative

for dispersion management. Insertion of DSF increases the total fibre loss which requires ad-
ditional gain. This results in more ASE. For these kind of dispersion compensating techniques
to be implemented either the saturation output power needs to be increased or the amplifier
noise figure must be improved. The pulse broadening observed in Sec. 5.5 results from resid-
ual second order and from third order dispersion which appears around the zero dispersion
point. The wavelength of operation has been adjusted such that minimal pulse broadening
occurred. The input power was adjusted to ensure that spectral integrity was maintained at
a signal to noise ratio which was as high as possible. Consequently this pragmatic way of
configuring the link required input pulses narrower tdgrs to obtain output pulses narrower
than8 ps, thus exhibiting no ISI. In summary, the system is partly nonlinear. Some amount
of dispersion is taken for granted. The benefits of SPM induced dispersion compensation do
not outweigh amplifier induced chirp that deteriorates propagation.

6.1.2 In-line amplification

With respect to in-line amplification two distinctions can be made. On the onelhanpan
versusl.55 um, and on the other hand lumped or distributed. The polarisation insensitive
MQW SOAs used in the experiments described in this thesis belong thihem lumped
category. In thel.3 ym window practical long-haul transmission systems have only been
realised with these polarisation insensitive MQW SOAs [3], [4]. The penalty &3tekm,

[3], amounted t05.8 dB which agrees with thé dB penalty observed aftet20 km [4].
These experiments took placelétGb/s. EarlieR.5 Gb/s NRZ transmission was performed
at1531 nm resulting in a penalty ¢f.3 dB after516 km of SSMF transmission. In this case
polarisation sensitive amplifiers were used [5]. With Raman amplification and a high powered
transmittert53 km was bridged over SSMF 4561 nm and2.5 Gb/s NRZ formatted, without
in-line amplification [6]. A penalty ok dB was observed. In Sec. 4.214 km has been
bridged using also a highly powered link inpti2, dBm, and optical pre-amplification. This
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experiment was performed around zero dispersiotDaBb/s. As booster amplifiers were

used which are not easily saturated, no excess chirp was added to the pulses and therefore no
interaction with residual second order and third order dispersion around the zero dispersion
point existed. Combining this result with the Raman experiments conducted in Sec. 4.3
showed that truly unrepeatered RZ transmission&:m at10 Gb/s of overs 180 km may

be considered feasible. In the casel0fGb/s transmission OTDM has a definite advantage
compared to WDM 4 x 10Gb/s) NRZ transmission &it.3 ym [7]. The main reason is
signal deterioration of the individual channels due to cross talk originated by the cross-gain
modulation in the SOAs. In the case of OTDM transmission cross-gain modulation between
the channels is absent. As a matter of fact the pattern effects are reduced if the bit rate
is increased because the amplifier becomes relatively slow compared to the bit rate. With
respect to WDM transmission OTDM transmissionl& pm is favourite when SOAs are
implemented as in-line amplifiers. Raman amplification gives superior performance with
respect to SOA based amplification both for OTDM and WDM transmission [8]. In the
case of OTDM this is due to the distributed gain that allows soliton shaped RZ pulses to
obtain optimum profit from the fibre nonlinearity.l0 Gb/s transmission at550 nm with

EDFA based loss compensation tips the scale of performance compared to in-line SOA based
amplification at1300 nm. Repeatered EDFA based systems transmit across transoceanic
distances at speeds d00 Gb/s 0 x 5 Gb/s WDM) using an NRZ data format [9] and
recently beyond200 km with 64 channels of0 Gb/s RZ formatted data [10].

6.1.3 RZ versus NRZ versus hybrid

Section 4.1 dealt with a theoretical investigation of the performance of RZ and NRZ systems.
Under the same conditions (SOA and fibre parameters) it has been demonstrated that RZ
propagation is the superior data format. In Sec. 6.142<al0 Gb/s WDM NRZ formatted
experiment has been compared to #eGb/s soliton shaped RZ formatted experiment of
Sec. 5.5. Again it may be concluded that given the longer transmission distance and the
larger effort that is put into the demultiplexing operation the latter system shows increased
performance. In Ref. [11] a hybrid experiment has been performed whey&a/s soliton

signal is transmitted together with2a5 Gb/s NRZ signal at a lower wavelength compared

to the soliton signal. The outcomes of the experiment were detrimental for the NRZ signal
as error free transmission of the NRZ signal could not be observed although the link had
been optimised for the NRZ signal. Soliton transmission remained error free during this
experiment. The lower bit rate of the NRZ formatted signal and the equal amount of power
that was launched into the link should have resulted in superior performance of the NRZ
formatted signal. Hybrid configurations with respect NRZ and RZ (soliton) transmission are
therefore not recommended. For thé5 ym window a comparison betwedf Gb/s NRZ

and RZ systems based on cascaded EDFAs has been performed numerically [12]. Results
show that an RZ format may be superior to an NRZ format. The transmission distance was
found to be three times larger for the RZ format compared to the NRZ format.
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6.2 all-OTDM, regeneration and all-OCR

6.2.1 All optical multiplexing

It has already been mentioned in Sec. 5.4.2 that four individual channels at the output of the
multiplexer have a random state of polarisation. This has the advantage that interferometric
problems of the tails of neighbouring optical pulses caused by the finite pulse widths cancel
out. Thisis not a real situation compared to an ETDM system where the state of polarisation is
equal for all four channels as the entire signal is generated by a high-speed modulator instead
of interleaved (as is the case with OTDM) after undergoing separate delays where random
polarisation rotations occur. In Ref. [13] the optical multiplexer is equipped with polarisation-
maintaining fibre (PMF) and a modulator in each branch. The delays of the channels with
respect to each other deviate slightly fr@mps (a10 Gb/s to40 Gb/s MUX is considered)
which provides @0 GHz component for easy clock recovery at the transmitter. This is also
not a real situation because id@Gb/s signal no spectral) GHz componentis present. The
MUX designed in this thesis is not equipped with PMF and has no individual modulation for
each channel. The four individual delays have been adjusted in such a way thatGhtz
component in the spectrum of the multiplex#iGb/s detected signal is minimal. Contrary

to Ref. [13] where more interferometric difficulties can occur but clock recovery has become
easier, the MUX configuration in this thesis is less sensitive to interferometric “breathing” of
the tails of neighbouring pulses but will pose more difficulties in performing clock recovery.

6.2.2 TOAD and other switches for demultiplexing
Ideal / non-ideal couplers

In Chapter 5 all-OTDM experiments have been performed using the TOAD optical switch
[14]. In the case of th@0 Gb/s t02.5 Gb/s demultiplexing setup an ideal coupler was used
with a 90° phase shift between the two output ports. This provided good results with an
estimated channel extinction ratio 8., = 3. In the case of thd0 Gb/s experiment,

first the same coupler was used resulting in non-error free performance. At this point the
coupler was replaced and again non-error free performance occurred with an optimum BER
which had increased. Apparently the coupler was of great influence. Following this up,
the coupling ratios were investigated but were found to be equal, in correspondence with
the manufacturing data. Theoretical and experimental results assumed ideal couplers [15],
[16]. This gave rise to the possibility of deviations in 9@ phase difference between the
output ports of the coupler. Numerical simulations presented in Chapter 2 have demonstrated
that non-ideal couplers can increase the channel extinction ratio &otto ~ 50. In
addition slightly different coupling coefficients could further improve the channel extinction
ratio to values> 200. Insertion of different couplers resulted in error free operation of which
Chapter 5 contains the results. Operation conditions (€@, Tdciay) and proper selection

of the coupler is of equal or greater importance than the choice of SOA.

10 to 2.5 Gb/s, 40 to 10 Gb/s and 160 to 40 Gb/s ?

The 10 to 2.5 Gb/s demultiplexing required an amplifier currentloh mA. According to
Fig. 2.5 the gain is moderate, saturation energy is low and the literature [17] indicates a
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high apg. At this speed the amplifier recovers fairly well between two succegsiv&Hz
switching pulses. In the case 4 to 10 Gb/s OTDM the amplifier is allowed to recover less
between two successit® GHz switch pulses. This means that the amount of gain saturation
is also less. The phase shift between clockwise and counter clockwise travelling signals
in the TOAD configuration, which is needed for demultiplexing a channel, is generated by
the amount of gain saturation multiplied by;. More gain, more switch power and a higher
ag are required to achieve thisphase shift. More gain yields automatically a higher sat-
uration output power and a highel;. Betweenl00 mA and175 mA bias current the gain

is increased by.2 dB and the saturation power I8ydB. In addition, the required switch
power is increased by dB. ay is expected to have increased by a factor of two [17] for
small signal gain but for a saturated amplifieg remains the samex( 3 to ~ 8). For these
values error free demultiplexing frod® to 10 Gb/s is achieved. For futurs0 to 40 Gb/s
demultiplexing the gain can no longer be increased with increasing current. In addition, the
saturation output power does increase with increasing current. As a result, the switch power
needed for the demultiplexing of4d Gb/s channel from th&60 Gb/s line signal could be-
come unrealistically high, taking into account thg} does not significantly increase with
increasing current once the amplifier is saturated [17]. Error-free operation is more difficult
as the amount of saturation decreases with a larger factor than with whiaficreases. This
confirms statements in literature [16], [15] that predict limitations in on SOA gain saturation
based switches when switching speeds approachh&b/s. Shorter carrier lifetimes,,

are essential fop 40 Gb/s all-OTDM. With respect to the dynamic range of the OTDM and
the sensitivity of the window to the timing parameters the conclusion can be drawn that with
this configuration and implementatia60 Gb/s to40 Gb/s OTDM is not feasible.

Performance related to other OTDM systems

Differences in BER performance can only be compared if déttGb/s base line curves
(without OTDM) and demultiplexed curves (with OTDM) are presented. In [18]dB

penalty is reported with a configuration that resembles the configuration in this thesis. Differ-
ences are the wavelength of operatioi) pm instead ofi.3 pm, the width of the switching
pulses;8 ps instead ob ps, and the amount of switch signal powerl6 dBm compared

to 0 dBm. In addition the switch signal is generated from an electrically mode-locked ex-
ternal cavity semiconductor laser. Compared with the power penalty found in Sec. 5.4.3 of
1.9 dB both systems operate with the same performance. The system of Sec. 5.4 requires
less switching power, is polarisation insensitive and operates with full all-optical clock re-
covery. With respect to the SLALOM configuration, see Sec. 1.2.3, introduced by [16] no
BER measurements at high speeds are available for comparison. As the device is saturated
twice its performance is expected to be inferior to the performance of the TOAD. The window
will be broader because the amplifier is saturated by both the clockwise and counter clock-
wise travelling switch pulse. Integrated Mach Zehnder interferometer based optical switches
have already been employed in a number of systems. Recently, it has been demonstrated that
these switches are capable of lossless bi-directional switching with negligible distortion of
the control-signal in the output data-signal. Channel extinction rati@ @B have been
reported [19]. They are suitable for implementation in switching fabrics of monolithically-
integrated cross connects.
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6.2.3 Optical clock recovery configurations

The optical clock recovery circuit that was realised in Sec. 5.2 belongs to the category of
“figure-eight” lasers because of its shape. Most of these figure-eight lasers have repetition
rates equal to the ground frequency of the cavity. For example [20], [21] and [22] de-
scribe EDFA based figure-eight lasers which have a repetition raté &Hz, 2.6 MHz

and 5.5 MHz, respectively. The full-width half-maximum times of the pulses amount to

~ 2 ps. Even at these low repetition rates the EDFA remains saturated. For high-speed
optical demultiplexing th& ps pulses are perfect. However, the repetition rate is too low.
Introduction of a saturable amplifier in a Sagnac interferometer to form a figure-eight laser
resulted in a higher repetition frequencyloHz while the cavity ground frequency amoun-

ted to4.5 MHz. The pulse width increased & ps [23]. This configuration operated at
1536 nm. The configuration of Sec. 5.2 was based on [23] but extended with an adjustable
attenuator and an adjustable delay to manipulate the input powers to and the position of the
SOA. In this case the repetition rate of the laser could be synchronid@diblz with a min-

imum pulse width ok 3 ps. This system operated 12 nm. The wavelength of operation
does not make the difference but the way the Sagnac based saturable absorber operates does.
Because the asymmetry is relatively small the SOA can recover withibOthes to obtain

a total roundtrip gair> 1 so that it can be switched again. Theoretically one could expect
this laser to operate at a repetition rate beybh@&Hz. This however has not been observed.
One of the reasons is that the recovery of the SOA is too slow.

If less bias current is applied to the amplifiers in the ring laser it takes more time for the
amplifiers to recover and for the total roundtrip gain to rise above one. In this case the repe-
tition rate drops t& GHz where all amplifiers recover to an extent where the roundtrip gain
exceeds one. This can also be an advantage as is demonstrated in [24] where all-optical clock
division is performed fron2.5 GHz to1.25 GHz using also a SOA based figure-eight laser.

6.2.4 Optical regeneration

In Sec. 5.6 optical regeneration was performed by restoring the extinction ratio (ER) of an
10 Gb/s RZ signal afte200 km of SSMF with50 km spaced SOAs. As stated in that section
most optical regenerators employ wavelength conversion which will not be touched upon in
this section. In Ref. [25] a NOLM (nonlinear optical loop mirror) is used to enhance the
extinction ratio. Because the NOLM profits from the instantaneous nonlinearity of the fibre
no additional clock signal was required to reduce power penalties4romB to 1.6 dB. In

the SOA based TOAD configuration the excitation of the nonlinearity can not be performed
by the10 Gb/s data signal. An optical clock is therefore required. In Ref. [26] a TOAD
without external switch signal is used to extract a clock signal that is deliberately sent along
with the data signal (self-clocking). The TOAD is used to suppress the data while the clock
is strong enough to saturate the amplifier which results in clock pulses at the output. The data
signal is suppressed b$.2 dB. This experiment operatedt13 nm with 2.5 ps pulses from

a100 MHz repetition rate Nd:YLF laser. If an optical signalii0 MHz was inserted where

the zeros are distorted by e.g. dispersive waves from the logical ones, then this configuration
is well suited to suppress the distortions on the zeros and to enhance the logical ones. At
higher bit rates ¥ 2.5 Gb/s) similar configurations to Fig. 5.60 have not been observed for
the1.3 um window. To the best knowledge of the author a novel way of all-optical signal
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regeneration has been demonstrated for bit times below the carrier life time of the SOA that
acts as the nonlinear element in a TOAD based switch.

6.3 Implementation in commercial system designs

6.3.1 Requirements

When communication systems are developed beyond the research stadium, additional de-
mands are made and different issues play a role. In general, economic and practical issues
are of major importance. Before the introduction of the EDFA, the distance of transmission
was determined by the amount of power launched into the fibre and the receiver sensitiv-
ity. Enhancement of the receiver sensitivity by introducing coherent detection techniques did
improve the capacity of transmission systems. The complexity of these schemes prevented
network operators from installing these systems. Too many components are needed and too
many control loops are required in coherent detection schemes. Therefore a few simple but
basic (technological) demands made by system houses play a role in the determination of
which new technologies will be used in field trials and in commercial systems. These de-
mands vary from application to application e.g. a land link imposes different requirements
than a submarine link. A few examples:

1. Power budget should be reserved for link degradation (ageing) in a later staldiaB)(
2. Robustness; insensitivity to changes in environment.

3. Use a limited number of optical components. If possible, integrate multiple optical com-
ponents to a single functional unit.

6.3.2 Stability

The stability of the all-OTDM system described in this thesis can be enhanced by adding con-
trol loops. Also the number of components of the all-OTDM systems is extensive. Reduction
of the number of components can only be performed by integration (item 3.). In addition,
the start-up procedure described in Sec. 5.4 is not desirable in a practical system configura-
tion. Additional control circuits are needed for system fault analysis when for example a fibre
breach occurs or a fault exists in the all-OTDM device. Fault determination becomes more
difficult if the number of control loops and points increases.

6.3.3 Integration

If all-OTDM systems are to be implemented in a field trial or in a commercial system, in-
tegration of the all-optical demultiplexer and all-optical clock recovery circuits is essential.
All-optical switches and passively mode-locked ring lasers that can act as all-OCRs have
been integrated independently but have not been tested or integrated as a whole. Photonic
integrated circuits (PICs) require a smaller number of control loops for stable operation. Po-
larisation rotations in optical waveguides of the PICs are less severe as influences from the
outside (temperature and vibrations) cause less degradation in performance. In [27] a SLA-
LOM configuration has been monolithically integrated to perform &8 &b/s and20 Gb/s
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to 5 Gb/s optical time-domain demultiplexer operating &t ym. Power penalties df.2 dB
and2.7 dB were observed fot0 and20 Gb/s demultiplexing, respectively. Interpolation
suggests a power penaltysf6 dB for 40 Gb/s to5 Gb/s demultiplexing. Demultiplexing to

a higher bit rate]l0 Gb/s instead 05 Gb/s, will probably result in an even higher power pen-
alty. Compared to the hybrid setup of Sec. 5.4, the integrated versions indicate a significantly
higher power penalty. The contrast ratioldf dB between the on and off states and a time
window of30 ps at &200 ps period estimates a channel extinction ratiezdf. Generally the
extinction ratio is expected to be lower compared to the TOAD as the SLALOM is saturated
by both clockwise and counter clockwise travelling switch signal. A possible explanation is
that a multimode interference coupler guarante@8°gphase shift between the output ports
and therefore acts as an ideal coupler. Chapter 2 shows that a deviation fr&ftpisase

shift improves the extinction ratio. This has been verified in Chapter 5 where dhiyBa
penalty has been found fdf) Gb/s to10 Gb/s demultiplexing. If future integration of Sag-

nac based demultiplexers is considered, an active coupler should be used regardless of the
TOAD or SLALOM configuration. The coupler parameters of active couplers can be adjus-
ted electronically via the opto-electronic effect (electrical modulation of the refractive index
of semiconductor materials).

6.4 Recent and future developments

6.4.1 ETDM or OTDM

There is definitely going to bé0 Gb/s NRZ formatted ETDM transmission systems. In
Ref. [28] the first experiments have been performed on a four chaté&b/s WDM system
using a40 Gb/s electrical multiplexer. In the receiver eathGb/s channel is optically and
electrically demultiplexed td0 Gb/s. One year later full ETDM a0 Gb/s was demonstrated

in Ref. [29]. Historically network operators and system houses have implemented ETDM
systems up td0 Gb/s. OTDM systems therefore have only future if they are based on an
infinitely fast nonlinearity. Now thatt0 Gb/s transmission technology has become under
investigation, OTDM systems will focus or60 to 40 Gb/s or160 to 10 Gb/s. Although
ETDM generally catches up, OTDM technology remains of interest for the investigation of
the propagation of data signals in optical fibre and optical amplifiers.

6.4.2 WDM

Today WDM systems are commercially available. There is consensus on at least point to
point connections. All-optical routing was recently demonstrated with an integrated optical
cross connect [30]. Today, [31] WDM systems employ64 channels ofl0 Gb/s and are
capable of transmitting error free over a distancé2if km using specially designed fibre

and EDFAs. Channel spacings©f100 GHz are common. Future WDM systems will have
more channels with an even smaller spacing. Spectral efficiency can be further improved by
using dual-binary coding schemes. With respect to the WDM results3gtm discussed

in Sec. 6.1, WDM atl.3 ym using SOAs compared to WDM at5 ym with EDFAS is

not attractive but can become of importance if Raman amplification is considered or the
performance of SOAs is increased significantly. Effort is currently put into increasing the
bandwidth (beyon80 nm) of EDFASs in thel.55 pm window.
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Figure 6.1: Diagram of an all-optical switch capable of performing different all-optical signal
processing tasks such as RZ to NRZ conversion, bit rate conversion, wavelength conversion
and switching between channels in the time-domain. Routing and switching information is
extracted from the signals on a physical level.

6.4.3 Hybrid multiplexing

Hybrid multiplexed transmission employs both soliton transmission as WDM transmission in
both thel.3 um and1.55 um windows. A transmission scheme was demonstrated employing
13 dense-WDM channels &b Gb/s where eacR0 Gb/s wavelength is composed®fimes

10 Gb/s OTDM channels [32]. Such a scheme employs both OTDM and WDM technology.
This kind of implementation can fill the entite55 yum window. Ref. [33] is a recent example

of a 19 channels of60 Gb/s WDM transmission experiment which filled the enfitenm
bandwidth of a telluride-based EDFA. As a result, renewed interest exists ih.3hem
window. Semiconductor optical amplification is a well suited candidate for providing in-line
amplification for1.3 um RZ based systems because of the availability of a large bandwidth.
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6.4.4 The future role of (all)-optical signal processing

The role of all-optical signal processing depends on the introduction of an infrastructure for
recently developed optical switches and demultiplexers. These optical switches are dedicated
to perform a simple task. For an all-optical system platform more functionality is needed such
as all-optical memories, all-optical switches, all-optical logic and interfacing. With respect to
WDM and hybrid multiplexed systems, wavelength converters are of importance. All-optical
circuits for the synchronisation of different optical signals must be built. If these constraints
are fulfilled all optical nodes can be constructed which are capable of switching, adding and
dropping signals from different wavelength, different fibres, different time-domain channels,
different bit rates and modulation formats at the physical layer (see Fig. 6.1). Such an optical
circuit can be thought of as being controlled by an optical control circuit where switching
and routing is performed at both high and low speeds in the physical layer. The informa-
tion for this switching and routing is extracted from the data signals by the control circuits
and used to configure the universal space switch. This extraction should be performed for
different modes and/or protocols of transmission like Asynchronous Transfer Mode (ATM),
Synchronous Digital Hierarchy (SDH) and the Internet Protocol (IP).
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Chapter 7

Conclusions and recommendations

In this thesis experiments have been described that utifis@ nm polarisation-insensitive
multiple quantum-well semiconductor optical amplifiers (MQW SOAs). These SOAs have
been implemented in all-optical signal processing schemes like all-optical time-domain de-
multiplexing (all-OTDM), all-optical clock recovery and all-optical regeneration circuits.
Numerical simulations have been performed on the operation and performance of these all-
optical circuits. Transmission experiments have been conductéd &b/s, without all-
OTDM, and40 Gb/s, with all-OTDM, that use these SOAs as in-line amplifiers to compensate
for optical loss encountered in standard single-mode fibres.

7.1 Conclusions

Transmission without all-OTDM (10Gb/s)

1.3 um, high-speed, return-to-zero (RZ) transmission compared to non return-to-zero (NRZ)
SOA-based transmission displays increased performance (theoretically and experimentally).
RZ systems are less sensitive to the formation of bit error rate (BER) floors.

Long semiconductor optical amplifier800 pm) result in non error-free operation of RZ
formatted transmission over 200 km links when the gain and saturation output power are
maximised. Adjustment of current and temperature lead to a maximum bridged distance of
437 km with 5.8 dB penalty, a new world record. Without in-line amplification a record
distance ofl 14 km has been achieved.

In-line semiconductor optical amplifiers (SOA) must not have excess gain. The gain should
match the loss of the fibre sections. This should be achieved by adjusting the length of the gain
medium rather than adjusting current or temperature. The length of the amplifier chip should
be chosen in such a way that for the drive current, where maximum saturation output power
is observed, the gain is not significantly saturated by the self generated ASE. The reduction
of the amplifier length fron800 ym to 400 um resulted in error free demultiplexing in a

40 Gb/s experiment.

Gain saturation of SOAs induces chirp on initially soliton shaped pulses. This chirp does
not allow the preservation of optical solitons in standard single-mode fibre (SSMEBh/s

data signals with input powers abdveBm form pedestals underneath the optical pulses and
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break up the optical spectrum around the zero dispersion wavelength.
All optical regeneration has been demonstrated to be capable of removing these pedestals.
BER performance is improved lyl dB and BER noise floors are eliminated.

All-OTDM

The realisation of an optical cross gain-switched ring laser (OXGSRL) allowed the gener-
ation of jitter free optical pulses &5 GHz. The optical wavelength was tuneable over a

50 nm wide interval.

A teraherz optical asymmetrical demultiplexer (TOAD) based optical switch was realised
using a polarisation insensitive SOA. In combination with the OXGSRL error free demulti-
plexing of al0 Gb/s signal was achieved. The power penalty caused by the demultiplexer
amounted t®.3 dB. The all-OTDM has the potential to compensate for power fluctuations
of 13 dB that had been introduced before the demultiplexer. This indicates that the system
can operate under severe power penalties occurring in a link before the demultiplexer.
For40 Gb/s to10 Gb/s all-OTDM numerical simulations showed that the switch pulse should
be as narrow as possible. Long amplifiers required clockwise excitation by the switch pulses
to obtain optimum performance. Under special conditions a coupler with a phase difference
deviating from90° between the output ports can improve the channel extinction ratio of the
system. These conditions may not always be reached by solely controlling the current and
temperature of the amplifier. Selection of a suitable optical coupler for the TOAD appeared
to be necessary.

An all-optical clock recovery circuit has been realised using a saturable absorber that is based
on a Sagnac interferometer with a asymmetrically placed and excited SOA. The clock recov-
ery recovers ps narrow optical pulses froml@ Gb/s RZ data signal. Numerical simulations
confirm stable operation of this circuit and provide insight into the mode-locking process.
The TOAD is implemented in a feedback configuration with the all-optical clock recovery
circuit and has been demonstrated to demultiglessb/s signals down t@é0 Gb/s error free.

The OTDM system introduced a power penalty2adB. The demultiplexer was capable of
compensating power fluctuations uptdB at the input.

Transmission with all-OTDM (40 Gb/s)

Insertion of a216 km link using optical repeater units (ORUs) with short SOAs resulted in
error free operation with a total power penaltyldd dB. The penalty was attributed to signal

to noise ratio degradation. A dynamic rangeidf dB remains at the input of the demulti-
plexer.

The use ofl00 um long SOAs results in less amplifier saturation. The launched input power
was—3 dBm per channel and prevented the formation of pedestals and the breaking up of the
optical spectrum.

For future upgrades téd0 Gb/s there are no technical limitations for not using all-OTDM
technology based oh3 ym MQW SOAs.

The utilisation of fibre pig-tailed components introduces instabilities. Causes are temper-
ature and mechanical stress induced polarisation rotation and interaction between different
controls.

Possible implementation of all-OTDM systems in future high-speed systems depends on ad-
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ditional issues like the costs and integratebility which the manufacturers of telecommunica-
tion systems have to make.

7.2 Recommendations

Itis not recommended to increase the demultiplexed bit rat® &hb/s to40 Gb/s for demul-
tiplexing a160 Gb/s signal. The gain recovery time of the current SOAs is insufficient for
this purpose. A faster amplifier nonlinearity, like four-wave mixing, is preferred.

Itis also recommended to use photonic integrated circuits (PICs) if this research is continued
as it improves stability and reduces the volume of the experimental setup. PIC implemented
technology also allows field trial measurements that have not yet been performed with integ-
rated1.3 um polarisation insensitive MQW SOAs.

A more detailed and analytical approach describing the operation of the all-optical clock
recovery circuit using the Sagnac interferometer based saturable absorber is recommended.
The theory presented in Sec. 5.2.2 could form the basis for a model that e.g. relates values of
parameters to stable or unstable operation of the ring laser.

Most simulation software was written in interpreter based numerical evaluation software
which was used within the European ACTS project “Upgrade”. For conducting future nu-
merical simulations it is recommended that simulation software is compiled so that improved
performance of the numerical models allows the computation of the BER instead of the chan-
nel extinction ratio for better comparison between theoretically and experimentally obtained
data.

Future SOA based transmission experiments at bit ratel60 Gb/s might use optical fibre
gratings not only for compensation of dispersion but also for compensation of average chirp
on the data signal which results from SOA saturation.
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Appendix A

List of abbreviations

abs. absorber

ACTS Advanced Communications Technologies and Services

amp. amplifier

ASE amplified spontaneous emission

ATM asynchronous transfer mode

att. attenuator

BER bit error rate

BERT bit error rate tester

BPF band pass filter

ccw counter clockwise

cw clockwise

cplr coupler

DCF dispersion-compensating fibre

DEMUX demultiplexer

DFB distributed feed-back

DFF dispersion-flattened fibre

DSF dispersion-shifted fibre

ECTMLL external-cavity tunable mode-locked laser

EDFA erbium-doped fibre amplifier

ER extinction ratio

ETDM electrical time-domain multiplexing
electrical time-domain demultiplexer

FOA fibre optical amplifier

FWHM/fwhm  full-width half-maximum

FWM four-wave mixing

GVD group-velocity dispersion

HWP half-wave Plate

IP internet protocol

ISI inter-symbol interference

LD laser diode

MMF multimode fibre
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APPENDIX A. LIST OF ABBREVIATIONS

MMI
mod.
MQW
MSSI
MUX
MZ
NALM
NF
NOLM
NRZ
OBPF
OCR
OPC
OPR
ORU
(O
OTDM

OXGSRL
PD
PDFA
PIC

PIN

PLL
PMF

Pol. Citrl.
PPG
PRBS
QWP

RF

Rz

SDH
SLALOM
SMF
SOA
SPM
SSMF
TDM

TE
™
TOAD
WDM

multimode interference

modulator

multiple quantum well

mid-span spectral inversion
multiplexer

Mach Zehnder
non-linear amplifying loop mirror
noise figure

non-linear optical loop mirror
non-return to zero

optical band-pass filter

optical clock recovery

optical phase conjugation
optically pre-amplified receiver
optical repeater unit

optical switch

optical time-domain multiplexing
optical time-domain demultiplexer
optically cross gain-switched ring laser
photodiode
praseodymium-doped fibre amplifier
photonic integrated circuit
p-doped intrinsic n-doped

phase locked loop
polarisation-maintaining fibre
polarisation controller

pulse pattern generator

pseudo random bit sequence
guarter-wave plate

radio frequency

return to zero

standard digital hierarchy
semiconductor laser amplifier in a loop mirror
single mode fibre

semiconductor optical amplifier
self-phase modulation

standard single-mode fibre
time-division multiplexing
time-division demultiplexer
transverse electric

transverse magnetic

teraherz optical asymmetrical demultiplexer
wavelength-division multiplexing
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Samenvatting

Gedurende de laatste jaren is volledig optische signaalverwerking een attractieve oplossing
gebleken voor capaciteitsvergroting van bestaande optische netwerken. De dispersie van stan-
daard optische glasvezel is minimaal in et um golflengte gebied waardoor transmissie

op hoge snelheid en over lange afstand hier relatief gemakkelijk is. De introductie van po-
larisatie ongevoelige quantum put optische halfgeleiderversterkers (MQW SOAS) heetft tot
de constructie van volledig optische regeneratoren geleid die conventionele elektrische re-
generatoren overbodig maken. Wanneer in de tijd gestapelde datasnelheden te groot wor-
den om elektrisch verwerkt te worden kan verwerking in het optische domein plaats vinden.
Deze verwerking is niet-lineair en vergt daarom een niet-lineair component. SOAs komen
in aanmerking hiervoor vanwege de niet-lineaire afhankelijkheid tussen de versterking en de
lichtsterkte in de versterker. Door een SOA asymmetrisch in een Sagnac interferometer te
plaatsen wordt een optische schakelaar verkregen. De schakelaar kan voor een korte duur
worden gesloten door een korte puls aan de SOA toe te voeren zodat deze verzadigt. In de li-
teratuur staat deze schakelaar bekend als de “Terahertz Optical Asymmetrical Demultiplexer”
of TOAD.

In het geval vari0 Gb/s naae,5 Gb/s volledig optische splitsing is een schakelsignaal nodig

dat bestaat uit smalle pulsen met een herhalingsfrequentiz¥&Hz. Een ringlaser, opge-
bouwd rond een SOA waarvan de versterking door een extern sinus-vormig optisch signaal
gemoduleerd wordt, levert e@b GHz pulstrein waarvan de pulsé — 20 ps smal zijn. In
combinatie met de optische schakelaar leverde dit volledig foutloze splitsirnig) /s naar

2,5 Gb/s op. De ontvangstgevoeligheid ging hierbij ®&tdB achteruit. Vermogensfluctu-

aties vanl 3 dB aan de ingang van het systeem konden foutloos worden verwerkt.

Voor 40 Gb/s naarl0 Gb/s volledig optische splitsing werd een zelfde optische schakelaar
gebruikt. Het doel van dit volledig optische splitscircuit is te onderzoeken hoe polarisatie
ongevoelige MQW SOAs gebruikt kunnen worden voor het compenseren van verliezen in
een verbinding van meer d&00 km standaard optische glasvezel. Hiertoe is tevens een
volledig optische schakeling voor klokextractie bpGHz gerealiseerd. Dit circuit is geba-

seerd op een ringlaser met een verzadigbare versterker en absorbens. De absorbens bestaat
uit een Sagnac interferometer met daarin een asymmetrisch geplaatste SOA. Een optische
verzwakker in de Sagnac interferometer staat toe de SOA asymmetrisch te exciteren en te
verzadigen. De uitgangspulsen van deze geometrie zijn versmalde replica’s van de ingangs-
pulsen. In het resterende gedeelte van de ringlaser vindt verbreding plaats. Zowel theoretisch
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als praktisch leverde dit een stabiele stroom van optische pulsen op. De pulsbreedtes van dit
10 GHz schakelsignaal waren kleiner daps. Dit herwonnen schakelsignaal was instaat om

in een terugkoppel lus met de TOAD uit e¢hGb/s signaal eeh0 Gb/s signaal foutloos af

te splitsen. Hierbij gin@ dBm aan ontvangstgevoeligheid verloren. Het dynamische bereik
aan de ingang bedro@g) dB. Om het systeem op te starten moest een speciale procedure
gevolgd worden. Omdat het systeem vrijlopend is moeten periodiek instellingen bijgeregeld
worden.

Deze opstelling is gebruikt voor de overbrugging a6 km standaard optische glasvezel

met periodiek geplaatste ORUs. De lengte van de secties werd aangepast aan de versterking
van de ORUs om overmaat aan versterking tegen te gaan. Overmatige versterking resulteert
in verzadiging, patroon effecten, toename van ruis, hetgeen foutloze transmissie in gevaar
brengt. N&216 km werd eenl0 Gb/s van hett0 Gb/s signaal afgesplitst en foutvrij gedetec-
teerd waarbij de ontvangstgevoeligheid mgt dB afnam. Alle vier de kanalen gedroegen

zich bijna identiek.

Dezelfde configuratie werd ook gebruikt als een volledig optid€h@b/s regenerator. Over-
matige versterking leidde tot bitfoutenkans curven die duidelijk “ruisvioeren” lieten zien.
Deze konden verwijderd worden met dezelfde configuratie die gebruikt is46 @d/s naar

10 Gb/s experimenten.

Theoretische analyses laten een grote afhankelijkheid zien tussen de optische koppeling en de
prestaties van de op de Sagnac interferometer gebaseerde optische schakelaar. De kanaalon-
derdrukkingsverhouding is ggfoduceerd als een kwantitatieve maat voor de prestatie van

de optische schakelaar. Deze verhouding is gedefinieerd als de verhouding tussen de hoe-
veelheid gewenste energie en niet gewenste energie in het afgesplitste signaal aan de uitgang.
Verscheidende simulaties voor de splitsing v@nGb/s naarl0 Gb/s zijn uitgevoerd met
verschillende parameters voor de optische koppeling, de versterker, de TOAD en het schakel-
signaal. Drie in complexiteit toenemende SOA modellen zijn numeriekgieéimenteerd in
simulatiegereedschappen voor theoretische analyse aan de TOAD.

Toekomstiget0 Gb/s transmissiesystemen in He3 um golflengte gebied kunnen gereali-
seerd worden met,3 um MQW SOAs. Polarisatie ongevoelige MQW SOAs kunnen zowel
voor lijnversterking als voor niet-lineair onderdeel in signaalverwerkende toepassingen zoals
volledig optische splitsing van in de tijd gestapelde signalen, volledig optische klokextractie
en volledig optische regeneratie. In toekomstige volledig optische hoge snelheid netwerken
kunnen diverse volledig optische signaalverwerkende circuitdegieerd worden tot knoop-
punten die autonoom datastromen (her)configureren en schakelen.
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10.

11.

12.

. Het niet-ideale gedrag van de optische koppeling in een TOAD configuratie is

bepalend voor de asymmetrie waarmee een halfgeleiderversterker in deze configuratie
geplaatst dient te worden. Een afweging moet worden gemaakt tussen de
kanaalonderdrukking waarmee en de tijdsduur waarin de TOAD (Teraherz Optical
Asymmetrical Demultiplexer) een inkomend signaal naar de uitgang doorschakelt.

. Een Sagnac interferometer met daarin een asymmetrisch geplaatste en aangestuurde

verzadigbare halfgeleiderversterker gedraagt zich onder bepaalde voorwaarden als een
verzadigbare absorbens.

. Een datatransportsysteem bestaande uit verzadigbare optische halfgeleiderversterkers

en optische glasvezel ondersteunt geen transmissie van solitonen.

. Een mondiale toepassing van volledig optische signaalverwerking hangt in grote mate

af van de beschikbaarheid vangtgreerde, volledig optische geheugens.

. De mechanische stabiliteit van peperdure meetapparatuur voor het meten van

bitfoutenkansen is soms gelijk aan die van een spotgoedkope draagbare cassettespeler.

. Het feit dat opwarming van de hersenen door GSM toestellen te verwaarlozen is

betekent niet dat het gebruik van GSM toestellen de gezondheid niet zou kunnen
schaden.

. Kijk- en luistergeld is een straf voor mensen die op commé&r@énders afstemmen.

. Bestrijding van gevaarlijk, agressief en asociaal rijgedrag middels het verhogen van de

strafmaat is tot mislukking gedoemd indien de pakkans niet verhoogd wordt en het
rijpbewijs niet eerder in beslag wordt genomen.

. De Nederlandse Spoorwegen kan de het gevoel van veiligheid bij haar klanten

vergroten door haar product uitsluitend op basis van lidmaatschap aan te bieden.

Door de toenemende commeteihouding van de overheid krijgt zij een stevigere
greep op technologische vernieuwing. Uit recente schandalen en blunders blijkt niet
dat zij deze verantwoordelijkheid aankan.

Indien het management van de Nederlandse Spoorwegen (inclusief verkeersleiding)
evenveel paardenkrachten zou bezitten als een locomotief dan zou de overmatige
vertraging die opgelopen wordt door chronische sein- en wisselstoringen niet meer
voorkomen.

Education is an admirable thing, but it is well to remember from time to time that
nothing that is worth knowing can be taught.
Oscar Wilde
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