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TECHNICAL UNIVERSITY OF DENMARK

Abstract

Slow and fast light effects have generated great interest in optical signal
processing for applications in optical communications and microwave
photonics. This thesis experimentally and theoretically analyzes semi-
conductor optical amplifiers (SOAs) based slow and fast light effects.
The proposed devices are promising candidates for implementing opti-
cal signal processing especially in microwave photonic fields such as mi-
crowave phase shifters or delay lines. This thesis describes the achieve-
ment of 360° microwave phase shifts by slow and fast light effects in
SOAs, which also satisfies some basic requirements of microwave pho-

tonic systems.

In this work, we initially explore the physical limitations of the coherent
population oscillations based slow and fast light in SOAs and present a
theoretical model, in the context of four wave mixing, to simulate the
microwave phase changes induced by controlling the group velocity of
light. Based on these understandings, we propose a new configuration
by optical filtering to enhance slow light effects. This method has been
demonstrated to produce up to ~ 150° microwave phase shifts at such
high microwave frequency as 40 GHz. Then we characterize this new
configuration in detail by investigating the microwave operation band-
width and initial chirp dependence. The most promising result of this
thesis is the achievement of 360° microwave phase shifters through a

cascaded slow light structure. The multi-current control of the cascaded
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structure has been experimentally assessed and has allowed simultane-
ous manipulation of both microwave phase and power. In addition, fully
tunable microwave notch filters have been experimentally realized with
free spectral ranges of 9.4 M Hz and 300 M H z, respectively, where slow
light based phase shifters provide 100 percent fractional tuning over the
whole free spectral range. This thesis then deals with the noise char-
acterization by mainly focusing on intensity noise and single sideband
phase noise. The relation between these two noise is analyzed theoret-
ically and the analytical model is also verified experimentally. Finally,
we propose a cross gain modulation (XGM) based slow light scheme. By
operating XGM in a counter-propagation configuration, a 10.5 ps con-
tinuously tunable true time delay over a microwave bandwidth of several

tens of GH z is achieved.
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Resumé

Egenskaberne ved langsomt og hurtigt lys har skabt stor interesse in-
den for optisk signalbehandling til anvendelse inden for optisk kommu-
nikation og mikrobglgefotonik. Denne afhandling analyserer, teoretisk
savel som eksperimentelt, optiske halvlederforsteerkere (Semiconductor
Optical Amplifier -SOA’ere) baseret pa langsomt samt hurtigt lys. De
foreslaede strukturer er lovende kandidater til gennemforelse af optisk
signalbehandling, iszer til brug indenfor mikrobglgefotonik med henblik
pa faseforskydning eller forsinkelse linjer. Denne afhandling beskriver
muligggrelsen af 360° mikrobglge faseskift benyttende langsomt og hur-
tigt lys i SOA’ere, som ogsa opfylder nogle grundleggende krav i fo-

toniske mikrobglgesystemer.

I dette arbejde udforsker vi forst de fysiske begraensninger af kohaerente
optiske oscillationer (Coherent Population Oscillations -CPO) med fokus
pa langsomt samt hurtigt lys i SOA’ere. Der praesenteres en teoretisk
model, baseret pa firebglgeblanding, til at simulere mikrobglge faseforan-
dringer induceret af den kontrollable gruppehastighed af lyset. Ud fra
pa de fundne resultater, fremsaettes en ny konfiguration med optisk fil-
trering for saledes at optimere effekterne af langsomt lys. Med denne
metode demonstreres et faseskift pa op til 150° ved frekvenser pa 40
GH z. Herefter karakteriseres denne nye konfiguration i detaljer ved at

undersgge mikrobglgebandbredden samt chirp-afheengigheden. Det mest
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lovende resultat af denne athandling, er opnaelsen af 360° faseforskyd-
ning gennem en kaskadebaseret struktur. Den multistrgms-baserede
kontrol med kaskadestrukturerne er blevet eksperimentelt undersggt og
har muliggjort kontrol af bade mikrobglge-fase samt amplitude. Desuden
er fuldt tunebare mikrobglge-notchfiltre blevet eksperimentelt realiseret
med en fri spektral afstande pa 9,4 M Hz hhv. 300 M Hz, hvor lang-
somt lysbaseret faseforskydning giver 100 procent tuning over hele den

fri spektrale afstand.

Afhandlingen omhandler dernaest karakteristik af stgj med primeer fokus
pa intensitetsstgj samt enkeltsidebands-fasestgj. Forholdet mellem disse
to typer stgj analyseres teoretisk, og en analytisk model verificeres eksper-
imentelt. Endelig foreslar vi en krydsforstaerkningsmodulation (cross
gain modulation -XGM) baseret langsomt lys. Ved at operere XGM
i en kontra-propagerende konfiguration, kan der opnas en kontinuerlig
tunebar signal forsinkelse pa op til 10,5 ps over en bandbredde pa tocif-
rede GHz.
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Chapter 1

Introduction

The speed of light has been a hot issue and extensively researched for
over one hundred years in the optics community. Especially during re-
cent several decades, the swift and enormous progress of optical commu-
nications and all-optical signal processing has stimulated the motivation
of controlling the speed of light, which is named as “slow and fast light”.
Normally, two kinds of velocities, phase and group velocities, are em-
ployed to describe the light propagation in a dispersive media [1, 2]. To
physically understand slow and fast light effects, it is extremely crucial
to distinguish between these two velocities. The phase velocity is the
propagation speed of the phase front of the electric or magnetic fields
used to describe the propagating light wave. The group velocity refers to
the propagation speed of the envelope of light waves. In an optical signal
processing or communication system, information is normally carried by
the envelope of light waves, and hence propagates at the group veloc-

ity. Therefore, controlling the group velocity using slow and fast light
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effects shows great potentials for myriad applications. In this thesis, I

will mainly focus on the possible applications in microwave fields.

1.1 Motivations: microwave photonics - phase

shift and true time delay

Due to the explosive increase of the throughput of the current generation

! carrier frequency

wireless telecommunication networks, the microwave
is spreading into the millimeter-wave regime. 38.6~40 GH 2 is already
used for licensed high-speed microwave data links. In the nearby future,
available wireless spectra in 71~76, 81~86 and 92~95 GH z bands will
be exploited for point-to-point high-bandwidth communication links [3].
Furthermore, the capacity of multi-band operation, light weight, small
size, and low power consumption are highly desired in many current
communication radars and future reconfigurable radio frequency (RF)
front-ends, such as those required for mobile communication systems.
Nowadays, all kinds of microwave or millimeter-wave signal processing
functionalities in such wireless communication systems are widely im-
plemented using digital electronics. However, the speed and bandwidth
of such methods are significantly limited by the electronic sampling rate,
especially at millimeter-wave frequencies [4]. To satisfy the requirements
for higher carrier frequencies and larger bandwidth, photonic technolo-
gies are being exploited to realize various functions in microwave fields,
some of which are very complex, or even impossible to do directly in the
microwave domain. This interdisciplinary field is well known as “mi-
crowave photonics” [5, 6] and has been growing dramatically over the

last several decades.

n following chapters of this thesis, “microwave” also includes “millimeter-wave”.
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FIGURE 1.1: Schematic of a microwave photonic system. The red
curves are optical fibers, which can enable ultra-long distance trans-
mission with very low loss, typically 0.2 dB/km.

The reason is that photonic technology can provide many unique advan-
tages, such as huge bandwidth, low loss, light weight, and immunity to
electromagnetic interference. Figure 1.1 shows a typical schematic of a
microwave photonic system. The microwave signal is commonly trans-
ported via the intensity modulated envelope of a propagating laser beam.
The modulation is typically implemented using an electrical-optical con-
vertor. This conversion enables the microwave signal propagation and
processing to be directly implemented in the optical domain. After the
desired signal processing, the optical signal is converted back into the

microwave domain and broadcasted to users.

In the block of electrical-optical or all-optical signal processing, a tunable
and wideband microwave delay line or phase shifter is highly essential in
order to achieve more flexible and adaptable configurations [4, 7]. Here
we mainly discuss two widely developed applications, tunable photonic

microwave filters and optically steered phased array antennas.

1.1.1 Tunable photonic microwave filters

Microwave filters are widely used, in all kinds of wireless communication

systems, to combine or separate multi-frequency bands and to suppress
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tunable microwave time
microwave delay / phase shifter
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FIGURE 1.2: (a) Basic configuration of photonic microwave filters. (b)

A typical microwave power response. The black arrow shows that the

filter response is continuously tuned by properly adjusting microwave

phase shifter within each branch. EOM: electrical-optical modulator.
FSR: free spectral range. PD: photo detector.

noise or unwanted signals [8, 9]. Figure 1.2 shows a photonic implemen-
tation of microwave filters. The microwave signal is modulated onto a
laser beam by means of an electrical-optical modulator. The optical sig-
nal is then split into n branches. There is a fixed time delay T between
pairs of adjacent arms, as shown in Fig. 1.2(a), which could be easily
realized by an optical fiber with a certain length. After the combina-
tion, due to the interference between signals propagating along different
branches, the microwave power response versus the microwave frequency
can be imagined and plotted in Fig. 1.2(b), as the red solid line shows.
The free spectral range (FSR) of the filter response is decided by T. By
employing a tunable photonic microwave delay line or phase shifter at
each branch, the resonance peak can be easily tuned, which enables a
tunable filter. In a real system, in order to avoid alterations of the FSR
and the shape of the filter response when the resonance band is tuned,
a constant microwave phase shifter is preferable rather than a time de-
lay [10]. It can be clearly seen, as shown by the colored dashed lines in

Fig. 1.2(b), that by introducing suitable microwave phase shifts for each
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branch, the filter can be tuned over the whole FSR range, meantime,
both the FSR and the shape of the filter keep undisturbed.

1.1.2 Optically steered phased array antennas

tunable microwave time

microwave delay / phase shifter

signall))‘))

[ Laser — EOM

P

= .....

)

FIGURE 1.3: (a) Basic configuration of optically steered phased array

antennas. (b) A typical far-field power distribution. The colored

curves represent the radiation patterns with different beam directions,

which is achieved by properly introducing time delay or phase shift in
each branch.

Another interesting application is optically steered phased array an-
tenna. Compared to Fig. 1.2(a), the main difference here is that the
signal propagating along each branch is independently converted back to
the microwave domain and broadcasted through a photo detector (PD)
and radiation element, as shown in Fig. 1.3(a). Based on the electro-
magnetic field theory [11], the far-field distribution can be depicted in
Fig. 1.3(b), as one of curves shows. By changing the tunable delay line
or phase shifter in each arm, the radiation direction of the antenna can
be continually steered, as shown by the different colored lines. How-

ever, microwave phase shifters inevitably induce beam squinting effects,
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where the main lobe of the radiation pattern drifts away from the de-
sired angle with changes in operating frequency. This beam squinting
limits the antenna’s instantaneous bandwidth and hence precludes the
use of phased arrays in broadband applications, such as target-ID radar
and spread-spectrum communication systems. An optically generated
true-time delay can not only compensate for this squinting, but can also

provide many inherent benefits [12, 13].

1.1.3 Slow and fast light enabled microwave photonic de-

lay
L(: microwave signal delayed microwave signal (
> at |«
M optically or electrically m m
controled slow and fast light

FIGURE 1.4: Basic configuration of a microwave tunable delay line
based on slow and fast light effects.

As previously mentioned, a tunable microwave delay line is a key com-
ponent in microwave photonic systems in which a flexible tunability is
desired. For a laser beam, whose intensity is modulated by a microwave
signal, changing the group velocity of light can be naturally converted
into a time delay or phase shift experienced by the microwave signal
carried by the laser. Figure 1.4 depicts a basic accomplishment of slow
and fast light based microwave photonic tunable delay lines. By opti-
cally or electrically controlling the group velocity of optical signal in a
slow or fast light medium, the arriving time, at the PD, of the output
optical signal can be continually tuned. Therefore, after the conversion

back into the microwave domain, a tunable time delay At is achieved.
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For a given microwave modulation frequency frp, this At can also be
expressed as a phase shift 27 frrAt. Thus, slow and fast light enabled
microwave photonic time delay or phase shifter is extremely attractive
for microwave photonic systems [6]. Although several of experimental
observations of slow and fast light have been reported before 1990s [14—
17], the most significant attention and progress have started from 1999
since a landmark achievement of slowing the group velocity of light down
to 17 meters per second was reported within an ultra cold atomic gas
[18].

1.2 Basic analysis of slow and fast light

When a light propagates through a dispersive medium, the group veloc-
ity can be mathematically described as [19]
c c

Vg = ———— =

1.1
n+wdn/dw  ng (1.1)

ng =n + wdn/dw (1.2)

where c is the speed of light in vacuum, w is the angular frequency of
light, n is the refractive index, and ng is defined as the group velocity
index. For a given medium, the refractive index is not easily tunable.
Therefore, control of the group velocity invariably relies on the second
term of Eq. (1.2), the frequency dependence of the refractive index,
also called dispersion. Any resonance, such as gain or loss resonance,
will induce a rapid variation of the refractive index in the vicinity of
the resonance. Normally, the refractive index is complex and can be
rewritten as

n=n+in’ (1.3)
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Here the real part n and imaginary part n’ stand for the refractive index

used in Eq. (1.2) and the absorbtion (loss) or gain, respectively.

@]

(b)’

Ng

©

(DO
detuning

FIGURE 1.5: The origin of slow and fast light in a resonance. (a) the
imaginary part, (b) the real part and (c) the group refractive index
as a function of the detuning from the resonance frequency.

To physically understand how a resonance induces slow and fast light
effects, let’s consider an example with a material resonance peak at
a optical frequency wp, as Fig. 1.5(a) shows. Based on the famous
Kramers-Kronig relations [20], the resonance in the imaginary part of
the refractive index leads to a rapid change or large dispersion of the
real part, dn/dw, as shown in Fig. 1.5(b). Thus, from Eq. (1.2), the
group refractive index ny in the vicinity of the resonance will experience
a significant increase (slow light) or decrease (fast light), as shown in
Fig. 1.5(c). The narrower the resonance is, the larger the group velocity
can be changed. If the width of the resonance is somehow tunable,
the group velocity of light will also become tunable. The tunability
can be achieved both optically, by injecting a strong control light, and

electrically, by changing the electrical injection into the material.
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1.3 Overview of various schemes to control the

group velocity of light

During the last decade, several schemes were proposed to achieve slow
and fast light by introducing a resonance. Several initial works employed
the effects of Electromagnetically Induced Transparency (EIT) in atomic
gases [18, 21, 22]. The speed of light was incredibly slowed down to the
human scale. However, because EIT requires quantum mechanical inter-
ference between the electronic states of the energy levels, it is not easily
performed at room temperature. Furthermore, the bandwidth of EIT-
based slow and fast light is relatively small (~ M Hz). From an applica-
tion point of view, it is highly desirable for slow and fast light effects to
be operable at room temperature and over a large bandwidth (~ GHz).
Recently, using Coherent Population Oscillations (CPO) [23-25], stim-
ulated scattering effects [26-30], and dispersion engineering structures
[31-34], room-temperature slow and fast light effects were intensively
demonstrated. Among these, slow and fast light in active semiconduc-
tor waveguides, such as semiconductor optical amplifiers (SOAs) and
electro-absorbers (EAs), appear more promising because they can pro-
vide both very fast (on the order of several hundreds of picoseconds)
electrically and optically controlled tunability over a microwave band-
width of several tens of GHz in a compact device with a control voltage
of a few volts [35-37]. This ~ GHz operation bandwidth is absolutely
necessary to satisfy the bandwidth requirements for practical applica-

tions in microwave systems.
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1.4 Structure of the thesis

This thesis reports on demonstrations of slow and fast light effects within
the aforementioned microwave photonic applications. To satisfy some
basic requirements of applications such as 360° phase shifts, large mi-
crowave operation bandwidth (up to 100 GHz) and possible control on
microwave power, Chapter 2 analyzes the basic principles of CPO based
slow and fast light effects in SOAs. A theoretical model is presented
to directly describe microwave phase shifts caused by slow light effects.
Furthermore, the effects of the conjugate sideband due to four wave
mixing are theoretically examined. The limitations of conventional slow
light configuration are analyzed physically. In Chapter 3, an optical fil-
tering enhanced slow light configuration is proposed and experimentally
verified to conquer the limitations of the conventional case. The underly-
ing physics is elucidated through a perturbation method. The proposed
new structure is then characterized in term of the initial modulation
chirp and the microwave operation frequency. By taking advantage of
the initial chirp dependence, both microwave phase advance and delay
are realized. As a preliminary application demonstration, a fully tunable
microwave photonic notch filter with a 9.4 M Hz FSR is reported. Chap-
ter 4 reports on the use of a red-shifted sideband regenerator to enable
the cascadability of the slow light stages that were proposed in Chapter
3. It ultimately leads to the achievement of 360° microwave phase shifts.
The possibility of flexible controls on both microwave phase and power is
also discussed. Finally, a upgraded microwave photonic filter with a 300
MHz FSR is presented. Chapter 5 is devoted to the noise properties of
slow light based microwave phase shifts. Firstly, a detailed theoretical
model is developed to characterize the input optical signal with focusing

on the intensity noise of the optical signal and the Single Sideband (SSB)
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phase noise of the electrical microwave source. After including the slow
light devices, the SSB noise spectrum is investigated experimentally, and
a possibility to improve signal to noise ratio is finally suggested. Chapter
6 presents a microwave photonic true time delay, which is more desired
than a microwave phase shifter for applications in phased array anten-
nas. The physical principle is cross gain modulation enabled control
of the group velocity. Two configurations, co-propagation and counter-
propagation, are experimentally investigated. A 10.5 ps true time delay
over a microwave bandwidth of ~40 G H z is obtained. The conclusions

and outlooks are presented in Chapter 7.






Chapter 2

Slow and fast light effects
in semiconductor optical

amplifiers

2.1 Background

During past several decades, due to their various nonlinear properties,
for instance, self phase modulation, cross gain modulation, cross phase
modulation and four wave mixing (FWM) effects, SOAs have been well
researched and developed to accomplish all kinds of optical signal pro-
cessing in optical communication systems. Key applications have in-
cluded wavelength conversion [38], optical gates [39], and optical regen-
eration [40]. Some integrated devices are already commercially available

[41]. These progressions in the development of optical signal processing,

13
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as well as its distinct advantages, have indicated that SOAs are promis-
ing devices for current and future optical systems. The first demon-
stration of slow light in SOAs [25, 42] has recently excited significant
interests because these devices can operate at room temperature and
be easily integrated with other optical systems. More importantly, for
an optical signal carrying a microwave signal, slow light in SOAs can
provide ~ GHz bandwidth [43-46]. On the other hand, for a ultra-
short pulse signal, ~ T'Hz bandwidth can also be achieved [47-49]. Be-
cause microwave intensity modulated optical signal is more interesting
for microwave photonic systems, the first case will be investigated in this

chapter.

Coherent population oscillations (CPO) effects [23] have been used to
realize slow and fast light in SOAs. Basically, CPO effects are due to the
interaction between light and the propagation medium. When two laser
beams with slightly different optical frequencies, which we will denote
as the strong “pump” and weaker “probe”, propagate through a SOA,
the carrier population in the active region will oscillate at the frequency
difference between the pump and the probe. This oscillation in carrier
population leads to both refractive index and gain grating. In turn, the
grating scatters the energy of the pump onto the weak probe and conse-
quently changes the refractive index and gain experienced by the probe.
Due to the limitation imposed by the carrier lifetime, the efficiency of
optically induced population oscillation strongly changes as a function
of the detuning frequency between the pump and the probe. Therefore,
according to Eq. (1.2), this dispersion property will allow the possibil-
ity of changing the group velocity of the probe. The group velocity can
be tuned optically by varying the pump power or electrically by chang-

ing the injection current. Many previous and promising results have
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already been reported, significant highlights include the record achieve-
ments of ~ 200° phase shifts at a microwave frequency of ~1 GHz [46]
and ~ 120° phase shifts at ~3 GHz while at the same time allowing
some power control [45, 50]. These two achievements were realized, re-
spectively, by using a 2.5 mm long quantum-well SOA and switching
between operations in gain (SOA) and absorption (EA) regimes or by
concatenating SOA-EA pairs.

2.2 Wave mixing enabled coherent population

oscillations

In SOAs, CPO based slow and fast light effects require two laser beams
operating at different optical frequencies. Although two individual lasers
can be used as sources, it is difficult to accurately control the frequency
difference between independent optical sources, in order to operate in

the frequency region required for microwave applications.

2.2.1 Experimental technique to perform slow and fast
light

In most cases, the required strong pump and weak probe signals can
be easily realized by electro-optical intensity modulation technique [23,
24]. This technique is also well used in microwave photonic systems for
the photonic generation of microwave signals [51, 52], which makes the
experimental realization more compatible with real-world applications.
Figure 2.1 shows the experimental realization of the pump and probe. A
continuous wave (CW) laser is injected into an electro-optical intensity

modulator, which is modulated by a microwave signal having an angular
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FIGURE 2.1: Basic realization of slow and fast light effects in semi-
conductor optical amplifiers

frequency Q. A chirp-free Mach-Zehnder modulator (MZ-modulator)
can be used to achieve pure intensity modulation. It is straightforward
that in the time domain, the output optical signal from the modulator
will be a sinusoidal waveform, as shown in the top row of Fig. 2.1.
However, in the frequency domain, the input electrical field of the laser

beam and microwave signal can be expressed as:

Ein(t) = Ag-exp(iwpt) (2.1)
VrE,, (t) = V- exp(ifdt) (2.2)

where Ay denotes the electrical field amplitude of the CW laser, w is
its angular frequency, and 1} is the voltage amplitude of the microwave
signal. Here, we neglect the initial phase and any noise for both the

laser and microwave signal. These effects will be taken into account in
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Chapter 5. Due to the intensity modulation, the electrical field of the

output optical signal from the modulator can be expressed as:

Eupu(t) = Ag-cos{y-cos(Qt) + ¢pc} - giwot

\@ W,
5 Ao Jo(y) - !

_ Q (wo+)t _ Q
2 2

Q

Ag-Ji(7) - € Ag - Ji(y) - e 3)

Here v = 7/2 - (Vy/V5) is the modulation index, ¢pc (=7%) is the phase
shift determined by the DC bias of the MZ-modulator, V; is the half-
wave voltage of the modulator, and Jy and J; are the first kind Bessel
functions. Compared with the first order optical sidebands, all higher
order ones are omitted for a small signal modulation. From Eq. (2.3),
there are two extra sidebands, F;; and E_j, are introduced by the
intensity modulation and can be described by Eq. (2.4).

\/i Wi
Eo(t) = Ao Jo(y) - &

V2

E-I—l(t) = _7140 . Jl(fy) . ei(wo-i-ﬂ)t (24)
V2 .
| Ea(t) = _7140 () - eileo— Dt

The frequency difference between the carrier and sidebands is decided
by the microwave frequency €. Energy distribution cross three output
optical frequencies can be controlled by varying the modulation index ~.
When the optical signal propagates through the SOA, the strong carrier
will act as the pump, while two weak sidebands as the probe. Due
to CPO effects in term of four wave mixing (FWM), in the frequency
domain, the gain and refractive index experienced by one sideband can
be modified by the carrier and the other sideband through adjusting

either the optical power level or electrical injection. Therefore, after the
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SOA and optical-to-electrical conversion, a time delay or advance of At
appears in the time domain, as shown in Fig. 2.1. In principle, the

received microwave signal can be written as:
VREyu, (1) = 2RA6%Jo(7) J1 () - T4 (2.5)

Here R is the responsivity of the optical-to-electrical convertor, which
also takes into account the resistance of the optical-to-electrical conver-
tor. For those applications in which a microwave phase shift is more

revelent, a time delay At corresponds to a phase shift of QA¢z.

Since all time delays or phase shifts are relative, in order to measure
the changing magnitude of light slow down or speed up, a reference is
required. Figure 2.2 gives a typical experimental set-up to measure slow
light effects by comparing the microwave phase of the modulated enve-
lope before and after the SOA. The initial electrical microwave signal
from the network analyzer is modulated onto a laser beam through a
MZ-modulator. After passing through the SOA, the optical signal is
converted back to the electrical domain and detected by the network
analyzer, which will measure the microwave phase changes relative to
the internal microwave drive signal. An EDFA and variable optical at-
tenuator are included at the input of the SOA to tune the input optical
power level. Because the MZ-modulator and SOA are sensitive to the
polarization, two polarization controllers are also employed. To measure
the microwave phase shift induced by slow and fast light effects in the
SOA in isolation, a careful calibration measurement has to be performed
to exclude any possible phase shifts caused by any other devices, espe-
cially the PD, which was demonstrated to possibly bring some phase
shifts [53].



Chapter 2. Slow and fast light effects in SOAs 19

PC EDFA VOA PC SOA

aser -2 Mz >0 e PD |
@ network
analyzer

FIGURE 2.2: Basic experimental set-up to measure microwave phase

shifts induced by slow and fast light effects in a SOA. PC: polarization

controller. MZM: Mach-Zehnder modulator. EDFA: erbium doped
fiber amplifier. PD: photo detector. DC: direct current.

2.2.2 Theoretical expressions for microwave application-

oriented slow light

In order to benefit the applications of slow and fast light effects in mi-
crowave fields, in this section, we will derive a theoretical model to
directly govern the microwave phase shifts achieved by the slow and fast
light effects in SOAs. Since CPO effects involve interactions between
several optical frequency components and SOAs, it is straightforward to
describe it in the frequency domain using a wave mixing frame [54, 55].
In the case where the input optical signal is created by intensity mod-
ulation of a single-frequency CW laser, as mentioned in section 2.2.1,
propagations in the SOA for pump, Ey, and two probes ,F1 and E_q,
are governed by Eq. (2.6) [43, 44, 56].

0Ey
= _ B
92 YoL£0
oE «
P 0Bt €| Bl By + BB (2.6
0F_4

9 YoE_1 + &_1[|Eo|*E_1 + E3E,)
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where I'gg is the linear gain, « is the linewidth enhancement factor, a is
the internal loss, Ps4; is the saturation power, S is a normalized optical

intensity by the saturation power, and 75 is the carrier lifetime.

For the applications in microwave photonic systems, the microwave sig-
nal is carried as the beating, Prp, between the pump, Ey, and the
probes, £ and F_;. It is recovered by the electrical-to-optical conver-
sion after the SOA.

Prp = Egj-Eq+E - Ey (2.7)
Ppc = |Eof + |Ex|* + |E|* = |Eo|? (2.8)

By substituting Eq. (2.7) and (2.8) into Eq. (2.6), the propagation

equations of the microwave signal Prr and DC part Ppc can be derived:

oP, *
P — (yo + %) - Ppe

agz (2.9)
ajF = (v +1) Prr + ({41 + &) - PocPrr

From an application point of view, Eq. (2.9) gives a direct prediction of

how the microwave signal is delayed or advanced by slow and fast light

effects in SOAs.
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2.2.3 Simulation results of slow and fast light effects in
SOAs

In general, slow-down or speed-up of a signal centered at the probe fre-
quency corresponds to a positive or negative dispersion of the refractive
index seen by the probe, with respect to the detuning frequency between
the pump and probe. However, because here the microwave photonic sig-
nal is generated by the technique of modulation, it is composed of three
discrete optical frequency components. Hence, one of the sidebands will
be affected not only by the strong carrier but also by the other sideband.
It makes the situation more complicated compared with the basic CPO
case, where the signal is only affected by the strong pump. To simplify
the situation, we can initially neglect one of the sidebands when the
signal propagates in the SOA, which provides us a basic insight. The
Eq. (2.6) then can be simplified to,

0Ey

I20 _ \E
02 YoL0
OF E_
8:1 = 0B + &l EolPEr or " =q0Eo1 + | Eol By

(2.10)
From Eq. (2.10), the susceptibility of the remained sideband can be fully
understood theoretically. The main parameters used in the calculations
are: |Eg|?> = 10mW, Py = 2.5mW, 74 = 100ps, I'gg = 1.2 x 10*m ™1,
and the length of the SOA is 500um.

Figure 2.3 shows both the real and imaginary parts of the susceptibility
of the sideband and the resulted group refractive index as a function of
the microwave frequency 2 for several different linewidth enhancement
factors ae. The positive/negative (2 represents that the blue-shifted /red-
shifted sideband is considered. For o = 0, Fig. 2.3(a) gives a standard
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FIGURE 2.3: Simulations of slow and fast light in a SOA with one

sideband included. (a) the real part, (b) the imaginary part, and (c)

the group refractive index as a function of the microwave modulation
frequency € for different linewidth enhancement factor a.

dispersion dependence, which is related to the gain change of the side-
band shown in Fig. 2.3(b) and, therefore, induces a small fast light
at the resonance. But when a # 0, the carrier density modulation
will induce not only a gain grating but also a refractive index grating.
The dependence of the refractive index on the carrier density introduces
asymmetric spectra for the gain and refractive index, as shown in Fig.
2.3(a) and (b) [55, 57]. Compared with the case a = 0, this asymmetric
dispersion thus leads to a larger slow light for the red-shifted sideband or
fast light for the blue-shifted sideband. The peak positions of the group

refractive index, shown in Fig. 2.3(c), are determined by the inverse of
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the carrier lifetime 7.

From Eq. (2.9), it is easy to obtain the final microwave time delays
caused by the group refractive index changes of the sideband. The results
are shown in Fig. 2.4(a). It can be concluded that the refractive index
dynamics related to a non-zero « contributes much larger time delays
than the gain dynamics. The corresponding microwave phase shifts are
also depicted in Fig. 2.4(b) and show that the microwave operation

bandwidth is limited by the carrier lifetime.
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FIGURE 2.4: Calculated (a) microwave time delays and (b) microwave
phase shifts by slow and fast light in a SOA with one sideband in-
cluded.

However, due to two sidebands at input and strong wave mixing effects in
the SOA, the interaction between two sidebands can not be ignored. By
including both sidebands, Figure 2.5 presents the calculated susceptibil-
ity and group refractive index experienced by the sidebands. Compared
with the results in Fig. 2.3, the most distinct difference is that the re-
fractive dispersion shows a blue shift as « increases. Consequently, the
group refractive index at the blue-shifted sideband can be modified at

even higher microwave frequencies, as shown in Fig. 2.5(c)
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FIGURE 2.5: Simulations of slow and fast light in a SOA including
the conjugate sideband effects. (a) the real part, (b) the imaginary
part, and (c) the group refractive index as a function of the microwave
modulation frequency € for different linewidth enhancement factor a.

After propagating through the SOA, the optical signal, which is com-
posed of the strong carrier and two weak sidebands, is detected and con-
verted to electrical signal by a high speed PD. The induced microwave
time delays and phase shifts are calculated and shown in Fig. 2.6. Since
the group velocity related to the non-zero « factors changes in the oppo-
site directions for two sidebands, the slow and fast light effects generated
by the refractive index dynamics will significantly cancel each other due
to the double sideband detection. Therefore, the detected microwave
time delay or phase shift is mainly determined by the gain dynamics.

Consequently, Fig. 2.6 indicates similar values for both &« = 0 and « # 0.
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FIGURE 2.6: Calculated (a) microwave time delays and (b) microwave
phase shifts by slow and fast light in a SOA with both sidebands
included.

2.3 General discussions

To facilitate the applications of slow and fast light in microwave photonic
systems, especially those operating at the X or K band, the achieve-
ment of a 360° microwave phase shift is important in order to realize
full functionality. Since a single element, like an SOA, only realizes a
microwave phase shift of a few tens of degrees, there have been a num-
ber of proposals and investigations to increase the phase shift. One
idea, resulting in a phase shift of more than 180° [46], is to switch be-
tween the regimes of gain and absorption. However, this implies a very
large change in the net transmission of the microwave signal through
the device when changing the light speed. Furthermore, the operating
frequency is limited by the longest carrier lifetime achieved, i.e., under
operation as an SOA. In [46] the large phase shift was thus obtained at
an operating frequency of 1 GHz. On the other hand, although a EA is
a promising candidate due to its much shorter carrier lifetime, its loss is
a main limitation for practical applications. In order to solve this prob-

lem, a solution is to combine an EA with an SOA to compensate for the
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loss, and even concatenate several EA-SOA pairs in order to increase
the absolute value of the microwave phase shift [50]. However, we have
already discussed that an SOA introduces an advancement of the mi-
crowave phase, corresponding to the fast light effect, which thus might
counteract the slow light effect of an EA. Therefore, the achievement
of a sizable net, microwave phase shift relies on a complicated choice of
the operation conditions of all involved SOAs and EAs. Moreover, its

operating frequency is still limited to a few GH z.

In previously reported cases, the input optical signal is composed of a
strong carrier, the pump, and two weak sidebands, the probes in the
optical frequency domain. The physical effects inducing light slow-down
or speed-up in semiconductor waveguides are CPO effects. For an SOA,
the gain and refractive index are modulated in time, and the corre-
sponding temporal gratings subsequently scatter the pump fields and
alter their amplitude and phase. The resulting detuning dependence
of the probe phase, described in terms of an effective index, leads to a
change in the group velocity experienced by the probe signals. Based on
the theoretical investigations in this chapter, it has already been shown
that the contribution of the temporal index grating leads to an anti-
symmetric detuning dependence of the probe phase. Upon detection of
both sidebands, this effect cancels out and hence the phase change is
governed solely by the gain dynamics. In this regime, the slow/fast light
effects can be described as the effect of absorption/gain saturation and
is limited in frequency and magnitude by the carrier recovery time of
EAs/SOAs [43, 58]. Therefore, the removal of the cancelation between

the two sidebands is a suggestion for moving beyond these limitations.



Chapter 3

Enhanced light slow-down
by optical filtering

3.1 Basic idea by optical filtering

As we discussed in Chapter 2, the refractive index dynamics associated
with a non-zero linewidth enhancement factor a could induce much
larger slow or fast light effects at even higher microwave frequencies.
However, due to the cancelation of the group velocity changes between
two sidebands, the refractive index dynamics do not contribute to the
final microwave phase shift. Hence, it is worth to figure out how to avoid
the cancelation of the refractive index dynamics by removing one of the

sidebands in order to achieve greater microwave phase shifts.

27
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3.1.1 Optical filtering at input

In [57, 59], it was suggested that utilizing a single sideband signal at the
input can enhance the group velocity change that can be achieved in
SOAs. We have experimentally investigated this possibility by blocking
one of the sidebands before the SOA. Figure 3.1 shows the experimen-
tal set-up along with the transmission spectrum of the employed a fiber
Bragg grating (FBG) notch filter. The 3 dB and 20 dB bandwidths of
the FBG filter are 0.1 nm and 0.06 nm, respectively. The notch sup-
pression is larger than 30 dB. Additionally, the FBG notch filter can
be slightly tuned by mechanically pulling. All these properties make it
possible that one of the sidebands can easily be removed without influ-
encing the other sideband or the carrier when the microwave frequency
is larger than 5 GHz.

pPC EDFA VOA PC SOA

Laser 220 iz —>—7 000 | PD

FBG notch
@ network
analyzer

filter

power [dBm]

o
o

1539.2 1539.4 15396
wavelength [nm]

FIGURE 3.1: Experimental set-up for single sideband at input and
the transmission spectrum of the FBG notch filter. FBG: fiber Bragg
grating.
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However, as demonstrated in Fig. 3.2(a), hardly any difference of the
induced phase shift is observed between the three cases with one of the
sidebands or both at input. The optical spectra both before and after
the SOA are also shown in Fig. 3.2(b). The top, middle and bottom
rows show results obtained with the cases of double-sideband at input,
only red-shifted sideband at input or only blue-shifted sideband at input,
respectively. Due to the fast build-up of a conjugate sideband during
propagation in the SOA, the output signal possesses a similar spectrum
for all three cases. Therefore, the phase change of that mirror sideband
tends to reduce the effect of the single sideband input and make the

refractive index dynamics cancel out again.
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FIGURE 3.2: (a) Measured microwave phase shift vs. microwave fre-
quency for the input signal with double sidebands (black “+”), only
red-shifted sideband (red “0”) or only blue-shifted sideband (blue
“00”). The SOA is biased at 160 mA and the microwave phase shift
is obtained when the input optical power changes from -10.3 dBm to
13.6 dBm. The green solid line is the reference when the input power
level at the minimum value of -10.3 dBm. (b) Measured input spectra
before the SOA (left column) and output spectra after the SOA (right

column) for the three different input signals.
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3.1.2 Optical filtering at output

Instead, we proposed another method for exploiting the refractive index
dynamics to enhance the microwave phase shift [60]. In this case, a
double sideband signal is launched at the input, and after propagation
through the SOA, one of the sidebands is blocked by an optical notch
filter. Figure 3.3 shows the basic scheme of optical filtering at output.
By tuning the notch filter, either of the sidebands can be completely

removed before the detection.
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FIGURE 3.3: Basic scheme to exploit the refractive index dynamics
by employing optical filtering after the SOA.

The physics involved in the optical filtering after the SOA can be qualita-
tively understood from a perturbation treatment of the model presented
in Chapter 2 in the limit of relatively small propagation length d L. From

Eq. (2.7), the final detected microwave signal can be rewritten:
Prr = Eg B+ Ejl -Ey=Py1+ P (31)

where P11, P_1 and Prp, respectively, correspond to the modulated part
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of the detected signal when blocking the red-shifted sideband E_1, block-
ing the blue-shifted sideband FE, i, or without optical filtering. There-

fore, Eq. (2.9) can
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0z
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be extended as:

= (v +) - Ppc
= (0 +%)  Prr + ({41 +&"1) - PpcPrr
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= (v +) - Py1+&+1 - PooPrr
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For a small propagation distance in the SOA, the spatial variation of the

saturation induced

values of Prp, Py

( Prr(SL) = Pg

P (0L) = Py

by the DC field can be neglected. Then, the output

and P_;1 can be approximately derived as:

r(0) + APrp
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= |EoE41|[1 + (gsat —a+71 — af1)0L +i(f1 + ay1)dL]

(3.3)

We have assumed that, at the input of the SOA, the fields corresponding

to the two sidebands are equal and real with a normalized value of

|EgE+1|, which is also known as a chirp-free intensity modulation. The

quantities v; and B are given by:
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Therefore, it is easy to infer that the microwave phases are determined

by the arguments of Eq. (3.3) and can be expressed as,

dorr = arg[l + (gsat —a+v1)0L + if16L]
Spi1 = arg[l + (gsat —a+y1 +aB1)0L +i(B1 — ay1)dL]  (3.4)
dp_1=arg[l + (gsat —a+v1 —aB1)0L + i(f1 + ay1)dL]

For the conventional case where both sidebands are detected after the
SOA, the microwave phase dprp does not depend on the linewidth en-
hancement factor «. This indicates that the influence from the refractive
index dynamics, also quantified by «, is canceled. Hence, when the input
optical power or the injection current is changed, the induced microwave

phase change is solely governed by the gain dynamics [43, 44].

When employing an optical notch filter to block one of the sidebands,
red-shifted or blue-shifted, before detection, the microwave phases, o1
or §p_1, include extra contributions a7 and «ry; which originate from
the refractive index dynamics. Based on Eq. (3.4), it can be theoretically
demonstrated that introducing optical filtering at the output can exploit
the refractive index dynamics, which could enhance slow and fast light

effects induced by the CPO effects in SOAs.

3.2 Experimental results of greatly enhanced

microwave phase shifts

In order to experimentally investigate the role of optical filtering at the
output of the SOA, the set-up shown in Fig. 3.4 is utilized. A CW laser
beam with the wavelength of 1539.46 nm is modulated by a microwave

synthesizer inside the network analyzer. The MZ-modulator provides
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a nearly chirp-free intensity modulation. The modulated laser beam
is coupled into a bulk SOA, where CPO and FWM effects will induce
changes of the phase and the amplitude of the two sidebands. After the
SOA, one of the sidebands can be blocked by a FBG notch filter before
the detection. After the optical to electrical conversion, the detected
microwave signal is compared with the initial electrical signal to assess
time delays or microwave phase shifts which are caused by the SOA. The
experimental controls are the input optical power to the SOA and the
microwave modulation frequency. By incorporating an erbium doped
optical fiber amplifier (EDFA) and a variable optical attenuator, the
input optical power can be adjusted from -10.3 dBm to 13.6 dBm.

PC EDFA VOA PC SOA
OO0 \ N 00
Laser |  MZM — > z( ——

FBG notch
filter

network
analyzer

FIGURE 3.4: Experimental set-up to exploit the refractive index dy-
namics by employing optical filtering after the SOA.

For different optical filtering schemes, we measured the change of the
phase of the intensity envelope relative to its value at the minimum
input optical power of -10.3 dBm. Figure 3.5 shows the microwave phase
delay (positive) or advance (negative) and microwave power changes as
a function of the input optical power for a fixed injection current of 160
mA and modulation frequency of 19 GHz. The black curves in Fig.
3.5(a) show the conventional case where both sidebands are detected. A
~ 20° phase advance is obtained by increasing the input optical power
from -10.3 dBm to 13 dBm and can be clearly explained by the gain
saturation effects [43, 44]. However, blocking the red-shifted sideband
or blue-shifted sideband results in positive and negative phase changes,

corresponding, respectively, to slow light and fast light. Especially when
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FIGURE 3.5: Experimental investigations of the role of optical fil-
tering after the SOA. Measured (a) microwave phase shifts and (b)
microwave powers as a function of the input optical power for the
detection with double sidebands (black “V”), with only blue-shifted
sideband (blue “+”) or with only red-shifted sideband (red “+”). The
experimental data are taken at a microwave modulation frequency of
19 GHz and the solid curves are full simulation results based on the
model presented in Chapter 2.

the red-shifted sideband is blocked, ~ 150° phase delay is achieved,
which corresponds to a ten-fold increase of the maximum microwave
phase shift obtained in the absence of filtering. The solid lines in Fig. 3.5
are numerical simulations based the model, presented in Chapter 2, and
demonstrate a very good agreement with the experimental results. The
following main parameters are used in the simulations: P, = 10dBm,
T, = 100ps, go = 1.15 x 10*m ™!, a = 6, Q = 19GH z and the length of
the SOA L = 500um.

However, since blocking either of the sidebands can exploit the refractive
index dynamics, as demonstrated in Eq. (3.4), in order to understand
why blocking red-shifted sideband induces much larger microwave phase
change than blocking blue-shifted sideband, it is important to investi-
gate the signs of terms af; and a7y; which are related to . When

blocking the red-shifted sideband before detection, the microwave phase
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is decided as dp41 = arg[l+ (gsat —a+y1 +aB1)0L+i(B1 —ay1)dL] and
demonstrates an additional large phase delay introduced by a positive
(increasing) term —ary; in the imaginary part and a negative (decreas-
ing) term «af; in the real part. On the other hand, when the blue-shifted
sideband is blocked, from the third equation in Eq. (3.4), we can con-
clude that the refractive index dynamics related to a factor still cancel
out to a significant extent because the magnitudes of both real and imag-
inary parts are increased by two extra terms, —a 51 and a~y;. Therefore,
blocking the blue-shifted sideband can not yield any distinct improve-

ments, as the red “x” symbols show in Fig. 3.5(a).

When the red-shifted sideband is blocked before detection, the corre-
sponding microwave power in Fig. 3.5(b) shows an ~10 dB variation
and the power drop is correlated with the sharp increase of the mi-
crowave phase and can be understood through inspecting the second

equation of Eq. (3.3). For convenience, we rewrite it here.

Pi1(0L) = P11(0)+ APy
= |EoE41|[1 + (9gsat —a+ 71 + af1)dL +i(B1 — ay1)dL]

The microwave power is determined by |Py1(6L)| = vRe2 + Im?2. While
the microwave phase is greatly shifted due to two terms, a8; and —any,
the absolute values of the real and imaginary parts firstly decrease to-
wards zero as 31 and —ary; increase and then increase when af; and
a7y totally dominate the real and imaginary parts, respectively. This
is the reason why the microwave phase shift is accompanied by a power

drop.

The microwave frequency dependence of the slow light based phase

shifter is also investigated experimentally. For the conventional case,
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FIGURE 3.6: Microwave frequency dependence of slow and fast light

effects in an SOA without optical filtering. Measured (a) microwave

phase shift and (b) power change as a function of the microwave mod-
ulation frequency.

without optical filtering, Figure 3.6 presents experimental results for
the microwave phase shift and power change as a function of the mod-
ulation frequency for different injection currents. The reference phase
in Fig. 3.6(a) is measured at an injection current of 20 mA. During
the measurements, the input optical power is fixed at 10 dBm. A tun-
able microwave phase shift (relative to the reference) of up to 50° is
obtained at around 3 GHz. At higher microwave frequencies, the lim-
ited response time of the SOA due to the finite carrier lifetime leads
to smaller microwave phase shifts. The maximum phase shift is related
to the small signal gain. The higher the injection current, the more
the group velocity changes, then, the larger microwave phase shift is
achieved. The measured microwave phase shifts show a good qualita-
tive agreement with the theoretical simulation results presented in Fig.
2.6. The corresponding microwave power change, in Fig. 3.6(b), shows

a low-pass filter profile which is also determined by the carrier recovery
time [61, 62].

When the red-shifted sideband was blocked after the SOA, Figure 3.7(a)
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FIGURE 3.7: Microwave frequency dependence of optical filtering en-

hanced slow light effects in an SOA with blocking the red-shifted

sideband before the detection. Measured (a) microwave phase shift

and (b) power change as a function of the microwave modulation fre-
quency.

presents the enhanced light slow-down for the microwave phase shifts and
power changes as a function of the microwave frequency. It shows that
~ 150° phase delay can be obtained over the whole microwave bandwidth
of 35 GHz, up to 40 GH z. The lowest microwave modulation frequency
is limited by the FBG notch filter. These large improvements not only
on the microwave phase shift, but also in the operating microwave band-
width make the CPO based slow light effects in SOAs more promising
in applications such as microwave photonic filters [63], waveform sig-
nal generators [64] and phased array antennas [12]. We notice that the
microwave phase shift does not correspond to a true time delay, which
may be a limitation for wideband phased array systems due to the beam
squint effects [65]. Another possible limitation for applications is the mi-
crowave power variation which always accompanies the large microwave
phase shift, as shown in Fig. 3.7(b). But in later chapters it will be
demonstrated that these power variations can be greatly decreased by a

new cascaded configuration.
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3.3 Dependence on linewidth enhancement fac-

tor «

In previous sections, it was theoretically and experimentally shown that
blocking the red-shifted sideband after the SOA can significantly en-
hance light slow-down by exploiting the refractive index dynamics, which
are related to the gain dynamics through a non-zero linewidth enhance-
ment factor . Consequently, it introduces several-fold increase of the
achieved microwave phase shift. Furthermore, the microwave operating
frequency is greatly extended from a few GHz to several tens of GHz
as well. Based on the FWM model presented in section 2.2, a numer-
ical solution for the case of blocking the red-shifted sideband can be
obtained. The full simulation results are given in Fig. 3.8(a). A similar
measurement as shown in Fig. 3.7(a) can be performed as well. The
measured results are presented as a contour plot in Fig. 3.8(b). Here,
the injection current is fixed at 300 mA and the microwave phase is
controlled by changing the input optical power instead of the injection
current. This also verifies its both optical and electrical tunability. Al-
though the FWM model gives a perfect prediction on the microwave
operating frequency of the proposed microwave phase shifter, it has not
been physically understood why the microwave operating bandwidth is

greatly enhanced and not limited by the carrier lifetime.

Here, if we focus on the induced microwave phase, in order to get ana-

lytical solutions of Eq. (3.2), the terms only related to the amplitude in
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FI1GURE 3.8: Contour plots of microwave frequency dependence of the

proposed microwave phase shifter. (a) Numerical simulation results.

(b) Experimental measurements. The black dashed curve shows the
analytical result calculated from Eq. (3.9).

Eq. (3.2) can be neglected. Thus, Eq. (3.2) can be simplified as:

0Pgr "

8zF = (41 +&%,) - PpcPrr
oP

8,:1 =&+1 - PpcPy1 + &1 PpcP— (3.5)
8P_ * *

8; =& PpcP1+& - PpcP

In this case, however, all information regarding the amplitude of the

modulated signal is lost.

For the conventional situation without optical filtering, an analytical
solution of the microwave phase shift by changing the optical power can

be derived from the first equation of Eq. (3.5).

S . Qg
1+8 (14 85)2+ (Qr)?
(3.6)

Figure 3.9 gives the results calculated from the analytical solution Eq.

Sorp(z) = arr-g[e(§+l+£t1)'ljsatsz] = —2Tgp -

(3.6). A microwave phase advance is achieved by increasing the input
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optical power S. Furthermore, from Eq. (3.6) it is also easy to conclude
that the maximum microwave phase shift is obtained when Q7, =1+ 5.
Thus Qpaz(7s) = (1 +5)/7s, which is a few GHz and only determined

by the carrier lifetime 7.
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FI1GURE 3.9: Analytical result of microwave frequency dependence of
the slow light based microwave phase shifter without optical filtering

For the cases with optical filtering after the SOA, the analytical solutions
of the second and third equations in Eq. (3.5) are:

with blocking the red-shifted sideband,
Sp41(2) = arg[(1 — ia) - eEr1H82) PrarS2 4 g (3.7)
with blocking the blue-shifted sideband,

do_1(2) = arg[(1 +ia) - e(&r1HE2y) Poar Sz o (3.8)
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FIGURE 3.10: Compare between full numerical simulations (solid

lines) and analytical solutions (dashed lines) for the microwave phase

shifts. The color “black”, “blue” and “red” stand for the cases with-

out optical filtering, with blocking the red-shifted sideband and with
blocking the blue-shifted sideband, respectively.

To verify the accuracy of the analytical solutions Eq. (3.6-3.8), we com-
pare them with the full numerical simulations. The results are shown
in Fig. 3.10. The microwave phase shifts for three different cases are
achieved by increasing the normalized input optical power S from 0.1
to 2. The approximately analytical solutions demonstrate a very good

agreement with accurate simulations.

Actually, for the more interesting case with the red-shifted sideband
blocked, where a much larger phase shift can be obtained, from Eq.

(3.7) we can derive the maximum microwave operation frequency.

1S4/ —4(1+ 5 92
Qnaz (s, ) = o 251+ 5) (3.9)

where ® = [1/2 — arctan(«)]/(2'go). Hence, blocking the red-shifted
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tors. (a) @ =20. (b) @ =30. (¢) @ = 40. The black dashed lines are
calculated from Eq. (3.9)

sideband by optical filtering is seen to enhance the available microwave
operating frequency by a factor that depends on not only the carrier
lifetime 75 but the linewidth enhancement factor «. This can be inter-
preted as an equalization effect brought about by the dynamics of the
refractive index, not unlike the effect used in interferometers to increase
the speed of all-optical signal processing [66]. The black dashed curve
in Fig. 3.8(b) is given by Eq. (3.9), and shows that the analytical result

provides a good prediction of the microwave operating frequency. In
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particular, by increasing «, it is possible to significantly enhance the mi-
crowave operating frequency. For a value of « of the order of 30 or more
the frequency thus extends beyond 100 GHz. Figure 3.11 shows the
numerical simulation results. When o = 20, 30 or 40, the proposed mi-
crowave phase shifter can be operated at 70 GHz, 100 GH z or even 140
GHz, respectively. And the analytical results shown by the black dashed
lines confirm the simulations. Such high o parameters have been real-
ized in quantum dot active waveguides [67]. Therefore, the approximate
analytical solutions Eq. (3.7-3.9) give directions for further engineering
an SOA to make it operate at a specific microwave frequency band of

interest.

3.4 Dependence on initial chirp

In all experiments and theoretical analysis presented previously, the op-
tical phases of the sidebands within the input optical signal are implicitly
assumed to be zero, which corresponds to a pure intensity modulated
signal, also denoted as chirp-free. In this section, we will discuss that
the chirp of the input signal plays an important role in the case of opti-
cal filtering assisted slow and fast light scheme. We will experimentally
demonstrate that for the specific case of blocking the red-shifted side-
band before detection, both ~ 120° microwave phase delay and ~ 170°
phase advance can be achieved by choosing different values of the initial
chirp. The experimental results are shown to agree well with numeri-
cal simulations and can be qualitatively explained using an analytical

perturbation approach.



44 Chapter 3. Enhanced light slow-down by optical filtering

3.4.1 Theory and numerical model

The input optical signal is created by intensity modulation of a single-
frequency CW laser, the sidebands, Fy; and F_;, and carrier, Fy, of
which act as probe and pump beams, respectively. For small signal
modulation, in the experiments reported here, the power of the carrier
is 20 dB larger than that of the sidebands, thus |Ey|? >> |Ey1]?, |E_1]2.
By taking into account the initial modulation chirp of the input optical

signal, the three electrical fields at input can be expressed as,

Ey(0) = |Eg(0)] - ¢
E11(0) = |E41(0)] - €™ (3.10)
E_1(0) = E41(0)

By inserting Eq. (3.10) into (3.1), we can obtain the initial conditions
of the microwave modulated parts of the optical signal, P1(z), P-1(2)
and Pgp(z).

PRF(O) = 2|E0(0) : E+1(0)’COS(A9)
P.1(0) = |Ep(0) - E41(0)|[cos(A8) + i - sin(Af)] (3.11)
P_1(0) = |Ep(0) - E4+1(0)|[cos(Af) — i - sin(Af)]

where A6 = 61 — 0y is the initial optical phase difference between the
carrier and sidebands, and reflects the degree of the initial chirp induced
by the modulation [68]. Based on Eq. (3.2) and the initial conditions
expressed by Eq. (3.11), the initial chirp dependence of the achieved

microwave phase shift can be analyzed numerically.

Figure 3.12 depicts the calculated microwave phase shifts as a function of

Af. For each A#, the microwave phase shift occurs upon increasing the
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FIGURE 3.12: Numerical simulations of initial chirp dependence of
an slow light based microwave phase shifter for three different optical
filtering cases. The microwave phase shifts of Prp(black), Py1(blue)
and P_j(red) are induced by increasing the normalized input optical
power S from 0.01 to 1.6. The microwave frequency is 19 GH z.

normalized input optical power S from 0.01 to 1.6, which corresponds
to an absolute power change from -10 dBm to 12 dBm. The same
parameters as in section 3.2 are used. For the conventional case without
optical filtering, represented by the variable Prp, it is easy to infer
from Eq. (3.11) that the microwave phase of Prp will not depend on
Af. This corresponds to the black curve in Fig. 3.12, showing a small
constant phase shift of ~ —13.8°. If the red-shifted sideband is blocked
after propagation through the SOA, the blue curve in Fig. 3.12 shows
that the final microwave phase shift greatly depends on Af. When
—10° < Af# < 90°, a microwave phase delay is induced by the slow
light effect. At A6 = 0°, corresponding to chirp-free modulation, a ~
150° microwave phase shift is achieved, which is the situation discussed
previously. On the other hand, a microwave phase advance is observed
for 90° < Af < 170°. As Af approaches 90° from either side, the
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absolute value of the microwave phase shift will vanish. Notice that
Af = 90° represents a pure phase modulation, for which there is no
amplitude modulation of the detected signal. When the blue-shifted
sideband is blocked, the final phase shift will slightly depend on A#, as
shown by the red curve in Fig. 3.12. Thus, as Af increases from —10°
to 90°, the numerical value of the microwave phase advance increases
from ~ —21.1° and even flips into a phase delay of ~ 6° at A8 = 76°.
If Af increases continuously from 90° to 170°, there will be a maximum

microwave phase advance of ~ —37.6°, achieved at Af = 126°.

3.4.2 Experimental realization and results

To experimentally achieve a tunable chirp Af, the input optical signal
with two sidebands is generated by modulating a CW laser beam, at a
wavelength of 1539.5 nm, using a Dual-Arm Mach-Zehnder Modulator
(DA-MZM), where only one arm is biased and modulated at 19 GH z.
Figure 3.13(a) gives the experimental set-up. The modulation chirp of
the DA-MZM can be changed by the bias voltage [69] and the output
electrical fields from the DA-MZM can be derived:

A Vi _iYpc . i
Eo(0) = 11+ Jo(57) - e 7] = [Eo(0)] - ™

A V _iVpc i
B(0) =20 T () - T ET S B 0)] €M (312)

A V _Z'V C7r i
Boy(0) = =i Ja(50) e T = | B 0)] - €

Here, Vrr = 0.3V, Vpe, and V; = 3.9V are the peak voltage of the
microwave modulation signal, the DC bias voltage and the half-wave
voltage of the modulator, respectively. According to Eq. (3.12) Af
(= 61 — 6p) can be altered between 0° and 180° by changing the bias
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FIGURE 3.13: (a) Experimental set-up to realize a tunable initial

chirp. (b) The green line shows the measured transmission curve

of the DA-MZM. The blue lines represents the initial chirp A6 as

a function of the bias voltage of the modulator, which is calculated
using Eq. (3.12).

voltage Vpc, as shown by the blue lines in Fig. 3.13(b). To avoid double-
frequency modulation, the DA-MZM should not be biased in the yellow
shaded areas, which restricts the available range of Af, to the range
20° < Af < 80° and 110° < Af < 160°. The rest of the experimental

set-up is same as Fig. 3.4.

Figure 3.14 shows the measured microwave phase shifts (markers) versus
input optical power for different values of the chirp parameter A (which
is changed through the DC bias voltage of the DA-MZM) for the case
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where the red-shifted sideband is blocked before the detection. During
the measurements, the SOA is operated at a constant injection current of
160 mA. From Fig. 3.14(a), a positive microwave phase shift (slow light)
is obtained for 21° < Af < 67°. The maximum phase shift decreases
as A# increases from 21° to 67°. If the DA-MZM is biased at a higher
voltage than V;, a negative microwave phase shift, corresponding to fast
light, is achieved. The maximum obtained phase advance decreases as
A0 decreases from 158° to 112°. The measured initial chirp dependence
of the microwave phase shift thus shows a good qualitative agreement
with the numerical simulations in Fig. 3.12. However, at low input
optical power levels, e.g. -4 dBm, the microwave phase shift does not
monotonously decrease for increasing Af and the maximum values of the
absolute microwave phase shift are achieved at A = 44° and Af = 135°,
respectively. These microwave phase variations at low input optical

power will be discussed by a perturbation theory presented later.
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FIGURE 3.14: Measured (markers) and simulated (solid lines) mi-
crowave phase shifts as a function of the input optical power for dif-
ferent values of the initial chirp, which is realized by changing the
DC bias voltage of the DA-MZM. In all cases the red-shifted side-
band is blocked before detection. (a) 21° < Af < 67° and (b)
112° < Af < 158°. For each of the bias voltages, the reference mi-
crowave phase is chosen at the input optical power of -10 dBm.
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Figure 3.15 gives the microwave power changes corresponding to Fig.
3.14. Figure 3.15(a) and (b) are measured results. In both cases, (a)
21° < Af < 67° and (b) 112° < A# < 158, the magnitude of the
microwave power dip decreases as the absolute microwave phase shift
decreases. The microwave power dip contributes to the sharp phase
change [60]. Figure 3.15(c) and (d) are calculated curves in good agree-
ment with the experimental results. Again, these 5~10 dB microwave
power variations could be a limitation for a real microwave photonic ap-
plication [63]. For instance, if these microwave phase shifts are utilized
in a microwave photonic filter to enable the tunability, the accompa-
nied microwave power variations will reduce the suppression ratio of the

filter.

If the blue-shifted sideband is filtered away before detection, the max-
imum phase advance decreases from 15° to 4° when A# increases from
21° to 67°, and a small phase delay is observed at Af = 67° when the
input optical power is around 0 dBm, as shown in Fig. 3.16(a). If
Af increases further, a larger phase delay is expected. However, this
parameter range cannot be accessed in the present experiment due to
the strong double-frequency modulation at the required bias voltages,
cf. yellow areas in Fig. 3.13(b). On the other hand, when A# decreases
from 158° to 124°, the microwave phase advance increases from 25° to
35°, shown in Fig. 3.16(b). These measured phase changes also agree

well with the red line in Fig. 3.12.

As for the conventional case shown in Fig. 3.16(c), without optical
filtering, a ~ 17° microwave phase advance is obtained independently of

the values of the initial chirp.
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FIGURE 3.15: Measured and simulated microwave power changes as

a function of the input optical power for different values of the initial

chirp. In all cases the red-shifted sideband is blocked before detection.

(a) 21° < A < 67° and (b) 112° < Af < 158°. (c) and (d) show

the corresponding simulated results for the same values of the chirp
parameter.

3.4.3 Perturbation theory and discussion

The results presented above can be qualitatively understood by the use
of an approximate analytical perturbation theory in order to elucidate
the role of the initial modulation chirp that influences the archived mi-
crowave phase shifts. Therefore, we firstly focus on the case with a very
short propagation distance in the SOA. After that, we will remove this
limitation and discuss the effects of the length of the SOA. Because of

the significant enhancements of the microwave phase shift seen when
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FIGURE 3.16: Measured (markers) and simulated (solid lines) mi-

crowave phase shifts as a function of the input optical power for

different values of the initial chirp. (a) 21° < Af < 67° and (b)

112° < Af < 158° are for the case of blocking the blue-shifted side-
band. (c) is the case without optical filtering.

blocking the red-shifted sideband, which is potentially interesting for
applications, we will here mainly focus on this case. By taking into
account the initial chirp Eq. (3.11) and following the same procedure
in section 3.1.2, Eq. (3.3) can be re-written and the output microwave

signals from an SOA with a short length 0L, Prp, P11 and P_1, can be
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approximately derived.

PRF((SL) = PRF(O) + APgrp (3.13)
= 2’EOE+1‘008(A9) . [1 + (gsat —a-+ ’71)(5[1 -+ Zﬁl(SL]
P+1((SL) = P+1(0) + AP+1 (314)

= |EoEt1|cos(Af) - {1+ (gsat —a+ 71+ aB1)dL
i - tan(A8) +i[B1 — am + (guar — a)tan(A0)|5L}
P_1(6L) = P_1(0)+ AP, (3.15)
= |[EoEs1[cos(Af) - {1+ (gsat — a+ 71 — af1)dL
—i - tan(A0) 4+ i[f1 + a1 — (gsat — a)tan(A0)]6L}

For the conventional case, without optical filtering, from Eq. (3.13),
it is easy to see that the final microwave phase shift of Prp does not
depend on Af. For the case when the red-shifted sideband is blocked,
we illustrate P1(dL) in the complex plane in Fig. 3.17(a). If the input
signal is chirped, we have A# different from 0°. The initial position
of Py1(0L), illustrated by thick black arrows in Fig. 3.17(a), will then
have an angle of Af with respect to the real (Re) axis. From Eq. (3.14),
the approximate analytical microwave phase shift dp1(dL), induced by

increasing the input optical power, then becomes,

5p1(0L) = arglPu(6L)]s — arglP1(GL)]s,., (3.16)
~ arctan{cos*(A0) - [B1 — a1 — (71 + afy) - tan(AG)]|6L}

For a very short propagation distance in the SOA, Eq. (3.16) demon-
strates that the phase shift dp11(dL), strongly depends on Af. Further-
more, from Eq. (3.16), the microwave phase shift will vanish, dp41(dL) =



Chapter 3. Enhanced light slow-down by optical filtering 53

0, when A6 satisfies either of the following conditions.

cos(Af) =0 = A = +90" (3.17)
B1—am

tan(Af) = ——= 3.18

an(A0) ) (3.18)

Eq. (3.17) corresponds to the condition for a purely phase modulated
signal, i.e., there is no intensity modulation of the input optical signal.
On the other hand, according to Eq. (3.18), the value of the chirp
parameter depends on the normalized input optical power, « factor,
carrier recovery time, and microwave modulation frequency. Using the
parameters in Chapter 2, Af will equal to —10° or 170°. Both phase
delay d¢41(6L) > 0 and phase advance d¢41(dL) < 0 can be obtained
for 90° > A6 > —10° and 170° > A# > —90°, respectively, as shown
in Fig. 3.17(b). Therefore, P1;(0L) will always rotate towards the
imaginary (Im) axis, as illustrated by the blue dotted arrows in Fig.
3.17(a).
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FIGURE 3.17: (a) Representation of Py;(0L) in the complex plane

for different values of the initial phase difference Af. The thick black

arrows indicate the reference points corresponding to the minimum

input optical power. Upon increasing the optical power the arrows

rotate towards the dotted blue arrows, which correspond to the max-

imum input optical power. (b) The normalized phase shift d¢11(dL)
as a function of Af (the length of the SOA is 10um).
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Compared with Eq. (3.15), derived for the case where the blue-shifted
sideband is blocked, the absolute value of the real part of Eq. (3.14)
decreases, rather than increases, as the input optical power increases.
This means that a larger phase shift is expected when blocking the red-
shifted sideband rather than the blue-shifted sideband before detection.
These results are in good agreement with a more extensive model but
without taking into account the effects of the generation of the conju-
gate waves. For this limiting case of a very short length of the SOA,
the generation of the conjugate wave can be neglected. The refractive
index experienced by the sideband (probe) is modified asymmetrically
by the carrier (pump) due to the nonzero linewidth enhancement factor
a. Therefore, the blue-shifted sideband will experience a larger group

refractive index than the red-shifted sideband.

200, 0]
- A0=-10° = ° 00
(5] 8]
) [=} —
= <
[ [ [~
[0} ]
@ <
%“; £ -100 1
[} g \
>
[ ]
H 5 -150} ~—
S g
E A0=80" E 20 A6=170"¥

0 100 200 300 % 100 200 300
SOA length [um] SOA length [um]
(@) (b)

F1cURE 3.18: Calculated microwave phase shifts of Py; induced by

increasing S from 0.01 to 1.6 as a function of the SOA length for (a)

—10° < A < 90° and (b) 90° < Af# < 170°. (The increment between
curves is 10°)

As the SOA length increases, saturation and propagation effects have to
be properly included. We find that the generation of the conjugate wave
by the FWM effect will strongly influence the propagation of the probe

itself, making a simple analysis unfeasible. Full numerical calculations of
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the microwave phase shift of Py as a function of SOA length are shown
in Fig. 3.18. When the SOA is short, as Af increases the absolute
microwave phase shift firstly increases until reaching a maximum at
A =~ 40°/130°, and then decreases in both the slow-down regime, as
shown by the inset in Fig. 3.18(a), and speed-up regime, as shown by
the inset in Fig. 3.18(b). These numerical simulations show a good
agreement with above perturbation theory in Fig. 3.17(b). If the SOA
is long enough, the microwave phase shift of P,; will monotonously

decrease from 175° to —180° as Af increases from —10° to 170°.

3.5 Realization of fully tunable microwave pho-

tonic notch filters

Up to now, we have experimentally demonstrated that the microwave
phase shift induced by slow and fast light effects in SOAs strongly de-
pends on the initial modulation chirp in schemes where optical filtering
is used before detection. By using different values of the input modu-
lation chirp, ~ 120° phase delay as well as ~ 170° phase advance at 19
G H z has been realized by changing the input optical power. Numerical
simulations based on a FWM model show good agreement with the ex-
perimental results. Furthermore, a simple perturbative analysis provides
good insight into the physical effects at play. This characteristic of the
initial chirp dependence provides a possible way to combine 120° phase
delay and 170° phase advance for achieving a fully tunable 360° phase
shifter at different microwave frequency bands. This is highly desired

for applications in microwave photonic filters [10].

One important example of interest is the microwave photonic notch filter,

which has potential for broadband wireless access networks and radar
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systems. In a typical radar system, the filtering of unwanted signals
(noise and clutter) is highly desired and currently performed using a
digital notch filter placed after frequency down-conversion to baseband
and using analog to digital conversions (ADCs). In order to distinguish
the desired small signal from the clutter, high-performance ADCs with
14- to 18-bit resolution are required, which becomes a major bottleneck
in system performance. However, such stringent requirements for ADC
performance can be alleviated if the clutter can be removed before down-
conversion by using tunable analog notch filters such as tunable photonic
microwave filters. To satisfy the expected bandwidth demand in the
coming years, several millimeter-wave frequency bands, such as 28 GH z
and 40 G H z, which can provide transfer rates higher than 2 M H z, have

already been allocated for these systems [70].

During the past several decades, many approaches to realize tunable
notch filters have been proposed, e.g. liquid crystal spatial light modu-
lator [71], fiber bragg gratings [72] and arrayed waveguide gratings [73].
However, all the above techniques result in a simultaneous undesirable
variation of the free spectral range (FSR) while the filters are continu-
ously tuned. For some of radar applications, it is preferable that only the
null frequency is tuned while keeping the shape of the spectral response
unaltered (a constant FSR). In [74, 75], it has been shown that this de-
sired function can be accomplished by using microwave photonic phase
shifters capable of providing a tunable phase shift over the full 360°
range. Recently, several such configurations have been reported. In [76]
a tuning range of 50% FSR was realized by three optical attenuators.
In [75] stimulated Brillouin scattering was utilized to achieve an entire
FSR tuning, but it required a 20 km long fiber. Furthermore, from an
application point of view, all aforementioned schemes were performed

by bulky devices, which could be also a limitation.
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3.5.1 Principle of operation

Based on the discussions in last section, by choosing different values for
the initial optical phase difference between the carrier and sidebands,
optical filtering enhanced slow light effects in an SOA can provides a
possible way to achieve a 360° microwave phase shifter. Figure 3.19
shows the basic architecture of a tunable 360° microwave phase shifter.
The detailed method of measuring the microwave phase shift is similar
to that described before. The microwave intensity modulation is im-
posed on a CW laser beam using a MZ-modulator. By operating the
modulator at the different transmission slopes, Vpc1 and Vpee, 0° or
180° initial optical phase difference between the carrier and sidebands

can be obtained.
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FIGURE 3.19: Schematic of a ~ 360° microwave photonic phase

shifter by utilizing the initial chirp dependence. (wyg: laser frequency;

): microwave modulation frequency; Vpco1 and Vpeo: DC bias volt-
ages of the modulator)

Figure 3.20 illustrates the microwave phase shifts induced by slow and
fast light effects achieved by changing the injection current of the SOA
for two different operating bias voltages of the modulator. For these
two cases, the reference phase is chosen at the injection current of 90

mA, and the input optical power into the SOA is fixed at 9 dBm. The
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FI1GURE 3.20: Microwave phase shifts as a function of injection cur-

rent of the SOA when the modulator is biased at Vpe1 = 4.5V (blue

curves in the left part) and Vpee = 8.1V (red curves in the right

part). The “+” markers show experimental results and the solid lines

are numerical simulations. (The modulation frequency is sweeping
between 29.75 GHz and 30.25 GHz)

laser wavelength is 1552.7 nm. When the modulator is operated at the
positive slope (Vpc1 = 4.5V), about 150° microwave phase delay at ~30
GHz is achieved, as shown in the left part of Fig. 3.20. On the other
hand, about 170° phase advance, right part of Fig. 3.20, is obtained
for the negative slope (Vpoe = 8.1V). Figure 3.20 also shows that the
microwave phase sensitivity is different over the whole tuning range,
~ 12° phase shift due to a 5 mA current change at the injection current
of around 170 mA and ~ 2° phase shift due to the same current change
at around 90 mA or 230 mA. However, later in Chapter 4 we will discuss
the possibility of achieving linear microwave phase shift. The solid lines
are numerical results and show good agreement with the experimental

results.
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In Chapter 2, we have already shown that the optical filtering technique
can increase the bandwidth of the microwave phase shifter to 100 GH z,
which means that this proposed microwave phase shifter can provide
~ 360° phase shifts at other microwave frequency bands. The lower
microwave frequency is limited to several GHz by the bandwidth of
the optical FBG notch filter, which is employed to block the red-shifted
sideband after the SOA.

3.5.2 Experimental demonstration of a fully tunable mi-
crowave notch filter with a FSR of 9.4 M Hz

PC EDFA

network
analyzer

! FBG fiber
i filter

FIGURE 3.21: Experimental set-up of a tunable two-tap microwave
photonic notch filter.

Figure 3.21 describes the experimental set-up. The microwave notch
filter itself is a simple Mach-Zehnder interferometer composed of two
arms, one of which incorporates the slow light based microwave phase
shifter, shown in the dotted-line box, which is made up of an SOA
followed by an FBG fiber filter. The EDFA is used to adjust the SOA
input optical power to 9 dBm, in order to ensure that the SOA operates

in the saturation regime. After the microwave phase shifter, a tunable
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attenuator provides microwave power balance between the two arms to
compensate ~10 dB power change after the SOA. Tuning of the null
frequency can be achieved by changing the injection current of the SOA.
Through switching between the two operating stages, Vpc1 = 4.5V and
Vbeo = 8.1V, of the modulator, a ~ 330° microwave phase shift, which
is the sum of an ~ 150° phase delay and ~ 170° phase advance, is
expected. Note that the switching between the two different operating
points of the modulator will not change the spectral shape of the filter.
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FIGURE 3.22: Tunable power response of the microwave notch filter
obtained by changing the injection current of the SOA. (a) Vpeo1 =
4.5V and (b) VDCQ =8.1V.

Figure. 3.22 shows the measured filter responses for different injection
currents. The FSR is 9.4 M Hz, corresponding to 22 m optical fiber
length difference between the two arms. The notch rejection is always
larger than 30 dB over the entire tuning range. The spectral response
at the SOA injection current of 90 mA is chosen as the reference for
both operating stages of the MZM. For Vpoy = 4.5V, as shown in Fig.
3.22 (a), the null frequency experiences a shift of 4.0 M Hz towards
lower frequencies as the current increases from 90 mA to 230 mA, which
corresponds to almost +50% fractional tuning range. Similarly Fig.

3.22(b) shows that if the modulator is operated at the negative slope



Chapter 3. Enhanced light slow-down by optical filtering 61

Vbeoo = 8.1V, a 4.7 M H z shift in the other direction, corresponding to
—50% fractional tuning range, is obtained also by changing the current
from 90 mA to 230 mA. Note that the two initial frequency responses
at 90 mA in Fig. 3.22(a) and (b) have the same position as well as the

same shape.
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FIGURE 3.23: Measured notch frequency versus the injection current

of the SOA, when the modulator is biased at Vpc1 = 4.5V, (the blue

curves in the left part) and Vpeoe = 8.1V (the red curves in the right

part). The “4” markers and the solid lines are experimental and
numerical results, respectively.

Figure 3.23 demonstrates that through switching between the two op-
eration points of the modulator, the notch positions of the microwave
photonic notch filter can be continuously tuned over 8.7 M H z, without
changing the spectral shape of the response, by changing the injection
current of the SOA. The solid lines are simulation results. Because the
microwave phase shifts shown in Fig. 3.20 are measured over a band-
width of 500 M H z, this almost 100% fractional tuning range will main-
tain for even larger filter FSRs, which can be achieved by decreasing the

time difference between two arms. Notice, however, that for the time
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difference on the order of or smaller than the coherence time of the laser,

optical interference effects have to be taken into account.

3.6 Summary

In this chapter the refractive index dynamics related to an non-zero
linewidth enhancement factor a was investigated. Two different optical
filtering schemes were discussed. A theoretical analysis demonstrated
that the refractive index dynamics can be exploited using the introduc-
tion of an optical notch filter after the SOA and supply an additional
enhancement on slow and fast light effects. Especially when the red-
shifted sideband is blocked before the detection, the absolute value of
the achieved microwave phase shift can be greatly improved from ~ 15°
to ~ 1509, and the operating microwave bandwidth is increased from a

few GHz to several tens of GHz as well.

Furthermore, an analytical solution was derived to explain the depen-
dence of optical filtering enhanced slow light on the linewidth enhance-
ment factor a. It showed that the microwave operating frequency of
slow light based microwave phase shifters can be greatly increased even
larger than 100 GH z by choosing an SOA with « factor on the order of
30. This analytical solution servers as a guide to further engineer SOAs

for different application requirements on the frequency bands.

We also demonstrated that when the red-shifted sideband is blocked
before the detection, the microwave phase shift induced by slow and fast
light effects in SOAs strongly depends on the initial modulation chirp.
By choosing different values of the input chirp, both large microwave

phase delays and phase advances can be achieved.
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Finally, we reported a real application in microwave photonic systems.
A fully tunable microwave photonic notch filter was demonstrated. It
exploits CPO based slow and fast light effects in SOAs and can real-
ize ~ 100% fractional tuning range at ~30 GHz. The advantages of
the proposed scheme are large tuning range, wide choice of frequency
bands, low control voltage, and fast reconfiguration in the order of sev-
eral hundreds of picoseconds. The demonstration shows the potential
of slow light effects for the applications in the new generation of Mobile

Broadband Systems operating at millimeter-wave frequency ranges.






Chapter 4

Experimental realizations
of 360° microwave phase
shifters by cascaded

structures

4.1 Introduction

By now, optical filtering enhanced slow and fast light effects in SOAs
have been extensively discussed, and the discussion has highlighted the
distinct advantages in terms of large microwave operating bandwidth,
small size, prospect for integration, operation at room temperature, and
low power consumption. One of the exciting motivations is their poten-
tial applications in the field of microwave photonics. In particular, 360°

microwave phase shifters can provide flexible tunability, and are thus

65
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needed as key components in many communication circuits and applica-
tions based on phased antenna arrays (narrow band applications) and in
future reconfigurable radio frequency front-ends [4]. However the large
size, high cost and limited dynamic range of ferrite-based phase shifters,
that are dominant in antenna arrays, prevent the widespread use of
phased-arrays in public communications. Furthermore, the high losses
incurred by these technologies directly impact the dynamic range of the
RF signals. For a microwave phase shifter, the following parameters
are very important: size, absolute magnitude of phase shift, working
frequency range, operation voltage, and response time. Since most of
the so far favored concepts such as active semiconductor devices and
circuits based on GaAs varactors do not fully meet these requirements,
especially in the millimeter-wave region. There has been, in recent years,
strong research effort focused on microwave phase shifters relying on new

technologies.

Nonlinear dielectrics both at room temperatures and under superconduc-
tor operation (at 77K’) have been considered [77, 78]. In the first case
[77], the preferred candidate are ferroelectric materials such as Barium-
Strontium-Titanate which can be employed both in epitaxial thin films
or in low-cost ceramic thick films to implement coplanar waveguide phase
shifters capable of providing moderate/high tunability (20-38 GH z with
only 360° complete phase shift at 38 GHz), with a very fast response
time (< 1ns). However, its operation voltages ranges from 20 V for
thin film devices and 10 to 100 V for thick film configurations. Su-
perconductor devices [78] produce limited phase shifts (up to 20°) over
a bandwidth of 7-11 GHz and require considerable operation voltage
~200 V. Another interesting alternative is the use of nematic liquid
crystals to implement a phase shifter based on a planar inverted-micro

strip line [77]. In this case, the anisotropy induced by a control electric
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field can provide much higher phase excursions 270° at 20 GH z with the
operation voltage on the order of 30 V. However the response time is on
the order of several microseconds. In addition, microwave phase shifters
based on Micro-Electro-Mechanical Systems (MEMS) circuits have also
been reported and have the potential of being inexpensive, low loss and
compatible with integrated circuit technology [79-81]. Two options have
been so far suggested. The first one uses MEMS switches to route the
signal along one of several possible paths [79] while the second [80, 81]
employs MEMS to implement switchable varactors to periodically load
a high impedance transmission. The first alternative leads to inherently
digital phase shifters with only a finite number of discrete states, and
quickly becomes cumbersome with increasing the number of the switched
paths. Systems such as phased antenna arrays often require high reso-
lution phase control circuits, which would become large and lossy with
these types of phase shifters. The second approach however has yielded
particularly impressive results in terms of a 170° phase shift with a 1.27
dB loss at 40 GHz through a 5.3 mm long device, but its tunability
range is limited as well as its response speed (> 5us). Also, operating
voltages can be considerable (several tens of volts). Implementations
based on electronic phase-locked loops can achieve 640° phase shifts at
40 GHz, but require complex designs and have a limited bandwidth
(~40 M Hz) [82].

Since current electrical technologies thus do not meet the desired ap-
plication requirements, especially in the millimeter-wave bands, it is
natural to consider the development of compact, continuously tunable
microwave phase shifters by using optical methods as an alternative
with additional advantages such as electromagnetic immunity and light
weight [63, 83]. Much of work has been reported using different physical

schemes, for example, titanium diffused LiNbOs3 optical waveguides [84],
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wavelength conversion [85], electro-optic modulators [86], and the SOA
based slow and fast light effects presented in Chapter 3. In Chapter
3, it was already presented that optical filtering enhanced slow light in
SOAs can achieve a ~ 150° continually tunable microwave phase shift
over a bandwidth of ~100 GH z by either optically changing input op-
tical power or electrically changing the injection current. Furthermore,
through exploiting the initial chirp dependence, close to 360° phase shifts
were also demonstrated. It however requires switching between two op-
eration stages of the modulator, which is difficult to implement in a real

application system.

In this chapter, we will discuss a new scheme that enables the cascadabil-
ity of the proposed microwave phase shifter, and finally leads to > 360°
phase shifts.

4.2 Cascade two microwave phase shift stages

4.2.1 Basic cascaded configuration

Due to saturation effects, it is not possible to increase the absolute phase
shift by increasing the length of the SOA. Furthermore, simply cascad-
ing several optical filtering assisted slow light stages can not give more
microwave phase shifts either. That is because after the first slow light
stage, due to the optical filtering only the optical carrier and blue-shifted
sideband survive. Therefore, as already discussed in section 3.1, the op-
tical signal with single sideband at input can not experience significant
microwave phase shifts even after passing through the second slow light
stage. To enable the cascading of several optical filtering enhanced slow

light elements, in order to achieve an accumulated microwave phase shift
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of 360°, we introduce a regenerator between two slow light stages, with
the aim of restoring the double sideband characteristic of the optical
signal. Therefore, after the regeneration, the optical signal will regain
the same optical spectrum as the initial input, cf. the insets (1) and (4)
in Fig. 4.1. Hence, by adding the second slow light stage, the modulated

optical signal will experience a similar effect as in the first stage.

I ) II (23 I (3) II (©) (5)

l Enhancement Regeneration l Enhancement of l
CPO/ of Refractive of the CPO/ | Refractive Index
FWM | Index Dynamics Blocked FWM Dynamics
(SOA) (Optical Sideband (SOA) (Optical
Filtering) (FWM) Filtering)
OF-SOA OF-SOA
>100° microwave phase shift >100° microwave phase shift

FIGURE 4.1: Configuration to cascade two optical filtering assisted
slow light stages.

These optical filtering enhanced slow light effects and cascadability can
be illustrated by considering the evolution of the slowly varying complex
sideband amplitudes in a polar representation, as shown in Fig. 4.2. The
optical phase of the strong carrier is chosen as the reference, as shown
by the green arrows. At the input, the electrical fields of both the strong
carrier and sidebands can be taken as real (Fig. 4.2(1)). Before optical
filtering, the resulting microwave phase shift of the modulated signal has
contributions from both sidebands (black shaded area in Fig. 4.2(2)),
corresponding to a phase advance of a few tens of degrees at a few
GHz. Now, when blocking the red-shifted sideband after the SOA, the
cancelation between two sidebands is avoided and the refractive index
dynamics, quantified by the linewidth enhancement factor «, contribute

a large positive phase shift to the blue-shifted sideband. This phase
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shift dominates the total phase shift of the microwave modulation (blue
shaded area in Fig. 4.2(3)), thus corresponding to an enhanced slow
light. After the red-shifted sideband is regenerated and then blocked
again by the second stage, a totally doubled microwave phase shift will

be expected at the final output, as Fig. 4.2(5) shows.

Im4

The electrical fields of :
—3> Dblue-shifted sideband

microwave phase shift
(red-shifted sideband blocked)

microwave phase shift
(without optical filtering)

—3)> red-shifted sideband

FIGURE 4.2: Tllustrations of the evolution of the complex amplitudes
of the sidebands in a polar representation.

The regeneration of the red-shifted sideband can be achieved using four-
wave mixing effects, where the fast build-up of the conjugate signal at
the mirror frequency is a well-known effect that can be achieved with
high-efficiency in active semiconductor waveguides. Therefore, both the
phase shift and the regeneration can be accomplished using the same
technology of active semiconductor waveguides. The performance of the
red-shifted sideband regeneration stage by using a SOA can be exper-
imentally verified. After the optical filtering assisted SOA (OF-SOA),
another SOA is employed as the regenerator and biased at a fixed cur-
rent to provide the maximum regeneration efficiency. The experimental

results, respectively, before the optical filtering (“+”), after the OF-SOA
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(“0”), and after the regenerator (“x”) are presented in Fig. 4.3. Figure
4.3 brings two important points. One is that ~ 150° microwave phase
shift survives even after the regenerator, which makes it possible to cas-
cade several such microwave phase shifters. The slight decrease of the
phase shift, ~ 10°, after the regenerator can be explained by fast light
effects contributed by the SOA as the regenerator. The other point is
the distinct increase of microwave power after the regenerator, as shows
in Fig. 4.3(b). We attribute it to the fast build-up of the red-shifted
sideband. This >10 dB microwave power improvement reinforces the

regeneration characteristic of the regenerator.

160 ‘
2140~~~ — — - L ¥

7: 777777 @ |=+without filtering | |
| after OF-SOA
[~ 7 7 7 _F " g~ " TPafter regenerator| |
|

——_ — o= —=———

2o
N B OO N
oo oodo

|
| —+without filtering
60— -~~~ ~ 778 ~ ~|cafter OF-SOA []
| “*after regenerator
1 1

400

[~]

microwave power [dBm]

microwave phase shift [Di

A
S o

(o] 00
injection current [mA]
@

FIGURE 4.3: Experimental demonstrations of the performance of
the red-shifted sideband regeneration stage. Measured (a) microwave
phase shifts and (b) power changes as a function of the injection cur-
rent into the OF-SOA before optical filtering, after optical filtering
(OF-SOA) and after the regeneration, respectively. The microwave
frequency is 40 GHz. The SOA as the regenerator is biased at a
constant current to achieve the maximum regeneration efficiency.

4.2.2 Experimental results of cascaded microwave phase
shifts

The actual experimental set-up is depicted in Fig. 4.4. The initial

modulated signal is nearly chirp free. The power level is boosted, by
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an EDFA, up to 10 dBm. The injection current /; of SOA-1 can be
changed between 10 mA and 230 mA. After the regeneration of the red-
shifted sideband by another SOA, which is operated at 180 mA during
all the measurements reported here, the second slow light stage, SOA-2
followed by optical filtering is employed to double the microwave phase
shift, and also allows the possibility of controlling the microwave power.
The injection current I can be tuned from 30 mA to 180 mA. The

microwave frequency is 19 GH z.

laser
E current =
O 1=180 mA | =
MZM @' Q00 — —CONSoAT| S
ISO A o
OF-SOA M
network
analyzer 1B

PD @
L 50% FBG2
optical spectrum 50% C
analyzer OF-SOA

FIGURE 4.4: Experimental set-up to cascade two optical filtering
enhanced slow light stages. (OF: Optical spectral Filtering)

Figure 4.5 shows the measured microwave phase shifts and power changes
and demonstrates the ability to double the microwave phase shift by cas-
cading two optical filtering assisted SOAs. The reference phase is chosen
for I; = 20mA and Iy = 30mA. During the measurement, FBG1 is fixed
to block the red-shifted sideband, while FBG2 is tuned to block either
the red-shifted or the blue-shifted sideband. Firstly, I7 is fixed at 20
mA. The input optical signal into SOA-2 has a similar optical spectrum
because the red-shifted sideband blocked by FBGI is restored after the
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regeneration. For three different FBG2 filtering cases, microwave phase
shifts and power changes by changing the injection current of SOA-2,
Is, from 30 mA to 180 mA are shown in the left part of Fig. 4.5. The
influence of the optical filter FBG2 agrees well with the results Fig. 3.5
reported in the previous chapter, except that the current dependence of
the phase shift, when the red-shifted sideband is blocked, is not as sharp
as seen in Fig. 3.5 and the maximum phase delay of ~ 100° is smaller.
We attribute these differences to the chirp of the optical signal acquired
by propagation in SOA1 and regenerator prior to injection into SOA-2.
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FIGURE 4.5: (a) Microwave phase shifts and (b) microwave powers as
a function of the injection currents of SOA-1 and SOA-2. The markers
and solid lines are experimental and simulation results, respectively.

Next, I is kept fixed at 180 mA. By increasing I; from 20 mA to 230
mA, the input optical signal into SOA-2 experiences a ~ 150° phase de-
lay induced by SOA-1, which will be added to the phase shift imposed
by SOA-2, independently of the filtering action of FBG2, as shown in
the right part of Fig. 4.5(a). Figure 4.5(a) shows that when FBG2 is
employed to block the red-shifted sideband, the final microwave phase
delay is successfully doubled to ~ 250° by cascading two optical filtering
assisted SOAs. The corresponding microwave power changes are pre-

sented in Fig. 4.5(b). The ~ 250° microwave phase shift is accompanied
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by a ~12 dB power variation. The power-dip seen in the right part of
Fig. 4.5(b) is correlated to the sharp phase change and caused by SOA-1
when blocking the red-shifted sideband using FBG1. The initial chirp
induced by SOA-1 and the regenerator will reduce the power dip caused
by SOA-2, when the red-shifted sideband is blocked by FBG2, as shown
by the blue curves in the left part of Fig. 4.5(b). The solid lines are
simulation results. The good agreement with the experimental results
confirms our interpretation of the physical mechanisms responsible for

the microwave phase shift.

4.2.3 Flexible controls on both microwave phase and power

As an ideal microwave phase shifter, the microwave power is desired to
be constant over the whole tuning range of the microwave phase. How-
ever, both perviously reported results [84-86] and those presented earlier
in this Thesis inevitably induce more than 10 d B microwave power varia-
tion, which could hamper their applications. To overcome this drawback,
the proposed cascaded structure provides a feasible method to greatly
suppress the induced microwave power variation by simultaneously con-
trolling two currents injected into two cascaded slow light stages. Figure
4.6 presents the contours of measured microwave phase shift and power
change as a function of the injection currents of SOA-1 and SOA-2. It
is important to notice that the contour lines for the microwave phase
shift and power change are nearly orthogonal, or at least not parallel,
for a large fraction of the parameter space. This implies that by adjust-
ing both currents, I; and I, the microwave phase and power can, for
a large range of parameters, be changed independently. As an exam-
ple, Fig. 4.7 demonstrates the possibility of achieving a large microwave

phase shift and simultaneously maintaining a small power variation by
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adjusting both I; and I to follow, e.g., the 6 d B power contour line in
Fig.4.6. In this case, (I1,I2) = (20mA, 50mA) is chosen as the reference
point. Figure 4.7 shows a continuously tunable ~ 240° microwave phase
shift at 19 GH z with an power variation of less than 1.6 dB. The power
variation could be decreased further by more careful control of I; and

Is.
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FIGURE 4.6: Contour plots of measured microwave phase shift (in

degrees, colour contour) and microwave power change (in dB, black

line contour) as a function of the injection currents of SOA-1 and

SOA-2. The reference point of zero phase and zero power change is
set at I; = 10mA and I, = 30mA.

Therefore, the need to control several currents is similar to the control
problem encountered in the case of continuously tunable multi-section
laser diodes. By properly choosing the combination of the currents, the

flexible controls on both microwave phase and power can be achieved.
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FIGURE 4.7: Measured (a) microwave phase shift and (b) power

change when varying the injection currents of SOA-1 (bottom axis)

and SOA-2 (top axis) to follow the 6 dB power contour line in Fig.
4.6.

4.3 Cascade three stages for 360° microwave phase

shifters

In this section, the situation will be extended further. In order to achieve
an accumulated microwave phase shift of 360°, a third slow light stage
is incorporated, as shown in Fig. 4.8. The six insets depict how the

optical spectrum of the signal evolves in the whole structure.
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1 4 t t t
1 2 3 4 5
1 1) I 2 ( Z I ( 3 11 y©) I
FIGURE 4.8: Configuration of a 360° microwave phase shifter by cas-
cading three slow light stages.

The contour plots in Fig. 4.9 show the calculated microwave phase shifts
when the injection currents (I3, I, I3) of the three SOAs in three phase
shift stages are increased, one by one, from the transparent current 20

mA to the maximum value 300 mA. The two regeneration SOAs are
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biased at a fixed current to get the maximum regeneration efficiency.
The main simulation parameters are same as what we used in Chapter
3. For the conventional case without optical filtering, as shown in Fig.
4.9(a), the CPO effects in an SOA induce the fast light and thus give a
total ~ —180° microwave phase shift at 5 GHz. When the red-shifted
sidebands are blocked by optical filtering within three slow light stages,
Figure 4.9(b) demonstrates > 360° microwave phase shifts at microwave
operating frequencies between 6 GHz and 40 GHz. The simulation re-
sults are capable of theoretically demonstrating the scalability of the
optical filtering enhanced light slow-down and the possibility of achiev-
ing a continuously tunable 360° microwave phase shift over a bandwidth
of several tens of GHz, a feature which is difficult to achieve either in
conventional microwave phase shifters or in those based on the alterna-

tive approaches previously discussed.
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FIGURE 4.9: Calculated microwave phase shift as a function of both

microwave frequency and the injection currents of three SOAs. (a)

Conventional case without optical filtering, which corresponds to sim-

ply cascading five SOAs. (b) Blocking the red-shifted sidebands within
each slow light stage.
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4.3.1 Experimental realizations at microwave operating

frequencies up to 19 GHz

To experimentally verify the achievement of 360° microwave phase shift
by cascading three slow light stages, the experimental set-up in Fig.
4.10 is employed, which is similar to that for two cascaded structures
except that one more pair of regenerator and slow light stage is inserted
before the detection. The three injection currents of the slow light stages
I, Is, and I3 can be tuned between 20 mA and 210 mA, 40 mA and
190 mA, 40 mA and 190 mA, respectively. The two regenerators of
the blocked red-shifted sideband are biased at fixed currents, 180 mA
and 470 mA, during the experiment. The microwave phase is measured
relative to a reference point of (11, Iz, I3) = (20mA,40mA,40mA). The
maximum microwave frequency is limited to 19 GH z by the bandwidth

of the modulator.
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00 00 |
optical spectrum 50%

analyzer

FIGURE 4.10: Experimental set-up to achieve 360° microwave phase
shift by cascading three optical filtering-SOAs.

The microwave modulation frequency is firstly fixed at 19 GHz. Fig-

ure 4.11(a) shows measured and calculated microwave phase shifts as
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a function of the injection currents of SOA-1, SOA-2, and SOA-3. For
comparison with the conventional unfiltered case, the black “A” markers
give the results when the three FBGs are removed from the set-up. In
this case five cascaded SOAs induce a ~ 90° microwave phase advance
by increasing I, I2, and I3 in sequence, which corresponds to a ~ 20°
microwave phase shift for each SOA and agrees well with previously pub-
lished results. When the three FBGs are tuned to block the red-shifted
sidebands, ~ 165°, ~ 105°, and ~ 100° phase delays are obtained by
increasing Iy, Is, and I3, respectively. The total 370° microwave phase
shift at 19 GH z and the good agreement with theoretical results verify
the scalability of the proposed scheme. The corresponding microwave

power changes are also shown in Fig. 4.11(b).
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FIGURE 4.11: (a) Microwave phase shifts and (b) relative power

changes at a microwave frequency of 19 GH z by cascading three slow

light stages. The blue “+” markers correspond to blocking the red-

shifted sidebands by three FBGs. The black “A” markers correspond

to both sidebands being detected (without optical filtering). The ex-

perimental results are shown as symbols, and the calculations as solid
lines.

Now we have three currents to control. When the current combina-
tion (11, Is, I3) increases from the reference (20mA,40mA,40mA) to the
maximum (210mA, 190mA, 190mA), the microwave phase of the optical
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signal will shift from 0° to ~ 360°. This situation can be considered
as two points in the 3-dimension space. In principle, there are infinite
ways to connect these two points. As already discussed in section 4.2.3,
this infinity also enables the flexible controls on the microwave phase
and power. One of the most interesting examples is a linear microwave
phase shift. Figure 4.12(a) demonstrates a possibility of achieving a lin-
ear microwave phase shift, up to ~ 360°, as a function of I1 by properly
choosing (I, I3). Therefore, from Fig. 4.7 and 4.12, it is concluded that
both nearly linear phase shifts and suppressing microwave power vari-
ation can probably be achieved by optimizing the current combination
(11,12, I3).
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FIGURE 4.12: (a) A linear microwave phase shift by combining in-
jection currents of three cascaded slow light stages. (b) The corre-

sponding microwave power change. The microwave frequency is 19
GHz.

We have also investigated the modulation frequency dependence, and
the results are plotted in Fig. 4.13. For the conventional case, with-
out optical filtering, the maximum microwave phase shift decreases as
the modulation frequency increases, as shown by the lines below the
reference. However, when the red-shifted sidebands are blocked by the

FBGs, through increasing the injection currents I, I», and I3 one by one,
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> 360° phase delay, above the reference line in Fig. 4.13, is obtained in
the entire frequency range from 9 GHz to 19 GHz. Furthermore, based
on the theoretical simulations in Fig. 4.9, these 360° microwave phase

shifts can be expected for even higher microwave frequencies.
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FIGURE 4.13: Measured microwave phase shift as a function
of the microwave modulation frequency when (I3, I3, I3) increases
from (20mA,40mA, 40mA) to (210mA, 190mA, 190mA) in sequence.
The individual curves are labeled by the combination of currents
(I1,I5,I5) used for the measurements. The reference phase is set
at (20mA, 40mA,40mA). The curves above the reference correspond
to the red-shifted sidebands being blocked by the FBGs. The curves
below the reference are both sidebands detected (without optical fil-
tering).

4.3.2 Experimental realizations at microwave operation

frequencies up to 40 GHz

There are additional issues involved in experimentally shifting the mi-
crowave operation frequency to higher frequency band. Firstly, the mod-

ulator must be able to operate at the higher microwave frequencies, such
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as 40 GHz. Secondly, the linewidth enhancement factor of the SOA has
to be large enough to expand the operation frequency up to 40 GHz.
Thirdly, the removed red-shifted sideband should be effectively regen-
erated by the regenerators. The first two issues are easily resolved by,
respectively, using a different modulator with a bandwidth of 50 GHz
(from Valencia) and three similar SOAs for nonlinear applications (from
CIP). For the regenerator stage, as the microwave frequency increases,
the regeneration efficiency will decrease. Furthermore, the Amplified
Spontaneous Emission (ASE) could significantly reduce the carrier pop-
ulation, which in turn weakens the regeneration efficiency. To avoid this
situation, three bandpass optical filters are included after each SOAs
within the three phase shift stages in the experimental set-up shown in
Fig. 4.10.
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FIGURE 4.14: (a) Microwave phase shift and (b) power changes at

the microwave frequency of 40 GH z. The injection currents (I, I, I5)

are increased from 80 mA to 400 mA consecutively. The markers are

experimental data and the black solid lines are numerical simulations.
The green dashed line shows a linear fit.

Figure 4.14 gives measured microwave phase shifts and power changes
at a microwave frequency of 40 GHz. Similar simulations as those in

Fig. 4.11 are also plotted. All these results confirm the achievement of
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360° microwave phase shifts at 40 GH z by cascading three optical filter-
ing enhanced slow light stages. Figure 4.15 shows measured microwave
frequency dependence from 20 GHz to 40 GHz. Combined with that
from 9 GHz to 19 GHz in Fig. 4.13, it verifies the theoretical prediction
shown in Fig. 4.9.
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FIGURE 4.15: Measured microwave frequency dependence of phase
shifter from 20 GHz to 40 GHz. The injection currents (I, s, I3)
are consecutively increased from 80 mA to 400 mA.

4.3.3 Fully tunable microwave notch filter with a FSR of
~300 MHz

Based on an cascaded structure, we already reported that a 360° mi-
crowave phase shifter over a bandwidth of ~40 GHz can be achieved
by solely slow light effects in SOAs. Compared with 360° phase shifts
achieved by exploiting the initial chirp dependence in Chapter 3, this is
simpler and more practical for applications. In section 3.5, a prelimi-

nary microwave notch filer is reported. However as already mentioned,
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FIGURE 4.16: Experimental set-up of a tunable two-tap microwave
photonic notch filter with a FSR of 300 M H z.

its main limitation is the requirement of changing the operation voltage
of the modulator. Here, we utilize the reported 360° microwave phase
shift by cascading three slow light stages to re-perform the implementa-
tion of a tunable microwave photonic notch filter. Another improvement
is, in order to demonstrate 100% fractional tuning range for even larger
filter FSRs, for instance 300 M H z, the propagation time difference be-
tween two arms is provided by two different laser wavelengthes, as shown
in Fig. 4.16.

The measured microwave power response is presented in Fig. 4.17. A
tuning range coving a whole FSR of 300 M Hz is realized by changing
three injection currents (I1, I2, I3) increases from (80mA, 80mA, 80mA)
to (400mA,400mA,400mA). It should be noted that at some current
combinations, the response is a little bit noisy and the notch suppression
is just 10 dB. We however believe that these performances could be
improved by optimizing the current combination and carefully balancing

the microwave powers of two arms.
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FIGURE 4.17: Tunable power response of the microwave notch filter
obtained by changing injection currents of three cascaded slow light
stages.

4.4 Summary

In this chapter, we have proposed a new configuration and, to the best
of our knowledge, experimentally demonstrated, for the first time, the
realization of a tunable 360° microwave photonic phase shifter based on
slow light effects in semiconductor waveguides. A > 360° phase shift
has been achieved over a broad frequency range up to 40 GHz, and
further improvement of the bandwidth is feasible. The demonstration is
based on the cascading of several semiconductor optical amplifiers, with
in-between stages of optical filtering and regeneration. The microwave
phase shift and regeneration are realized using coherent population os-
cillations and four-wave mixing in SOAs. The proposed phase shifter
can be reconfigured on a sub-nanosecond time-scale and the operation

voltage is on the order of 1 volt. Finally, the suggested approach allows
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large flexibility in tailoring the linearity and frequency response of the

system.

FIGURE 4.18: Sketch of a possible monolithic implementation of a
microwave photonic phase shifter with micro-rings to realize optical
filtering.

Furthermore, if the optical filtering is realized monolithically, e.g. by
micro-ring structures, surface gratings or Bragg filters, this scheme al-
lows a fully integrated device. An important issue in such a design is
to avoid feedback effects from the integrated filters, which could lead to
undesirable lasing effects. Figure 4.18 shows a schematic of a possible
implementation of such a monolithically integrated microwave photonic

phase shifter.



Chapter 5

Noise investigation

5.1 Motivation and introduction

In the last chapter, we discussed the realization of a 360° microwave
phase shifter by cascading several optical filtering enhanced slow light
devices. Furthermore, their capability to be operated even at 100 GH z
was investigated theoretically. All these properties make them promising
for microwave photonic applications. However, for most applications,
slow light based devices have to meet stringent requirements in order not
to degrade the system performance [87], especially regarding the spectral
purity of the microwave signal [51-53, 88]. In particular, active devices,
such as SOA based slow light devices discussed in this thesis, inevitably
add noise and may distort the signal. In [89-91], the signal to noise
ratio (SNR), the spurious free dynamic range and harmonic distortion
were investigated for SOA based phase shifters and it was reported that
slow light effects inevitably degrade the SNR [89]. However, in the

microwave community, the single sideband (SSB) phase noise is one of

87
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the most important parameters for describing the spectral purity of the
microwave signal. In this chapter, we will mainly discuss the SSB phase

noise property of the proposed slow light based microwave phase shifter.

An ideal microwave signal at a frequency of €2 is a single line in the
frequency spectrum, as illustrated by the green curve in Fig. 5.1, and
can be described as V (t) = Vy-e*. Here V} is the electrical amplitude of
the microwave signal. But such perfect spectral purity is not achievable
in a practical situation, as shown by the red curve in Fig. 5.1. The
spreading of the spectra line caused by any effect in the system must be

investigated carefully. A realistic microwave signal can be expressed,
V(t) = [Vo + AV (1)] - "M Hiaee() (5.1)

where AV (t) and A¢e(t) are the amplitude and phase noise, respec-
tively. Compared with the phase noise, the amplitude noise is negligi-
ble, AV (t) ~ 0, because in most commercial synthesizers the amplitude
noise can be strongly reduced, if needed, using automatic level control
systems or simple amplitude limiting amplifiers [92]. The phase term,
Age(t), represents random phase fluctuations and is commonly denoted

as phase noise.

One of the most common descriptions of phase noise is the one sided
spectral density of phase fluctuations per unit bandwidth, called SSB
phase noise and referred to as the spectral density, and describes the
energy distribution as a continuous function, expressed in units of energy
per Hz bandwidth [92]. SSB phase noise Py (f) is typically specified in
dBm/Hz at a given frequency offset f from the carrier (2, as the black

shaded area illustrated in Fig. 5.1. It can also be expressed in dBc/H z
— Pssb(f)

Pcar'rie'r (Q) :

relative to the carrier power Pogrrier(€2), L(f)
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FI1GURE 5.1: Example of the single sideband phase noise of a signal

at a microwave frequency of €2. The green line shows a perfect mi-

crowave signal without any noise. The red curve illustrates a practical
microwave signal.

Furthermore, in the field of microwave photonic systems, one of the
major noise sources that degrade the performance of a photonic link is
the intensity noise of the optical source [93, 94]. The intensity noise is
normally measured by detecting the intensity (or power) with a fast PD
and evaluating the noise spectrum with an electronic spectrum analyzer.
Therefore, the intensity noise is measured in the same units, dBm/H z,
as that of the SSB phase noise. Normally, intensity noise is quantified
as Relative Intensity Noise (RIN) in dB/Hz, i.e. as noise power divided
by the average optical power. We will start by discussing the relation
between the intensity noise of an optical source and the SSB phase noise

of an microwave source for an optically generated microwave signal.
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5.2 Intensity noise and SSB phase noise of an

optically generated microwave signal

The input optical microwave signal is generated by an external modula-
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FIGURE 5.2: Set-up to optically generate the input microwave signal.

Example of a MZ-modulator is shown, which is biased by a DC volt-

age and operated in the push-pull configuration to provide chirp free
modulation.

tor, as depicted in Fig. 5.2.

By including the intensity noise RIN, the laser output, E;(t), can be
expressed,
Ei(t) = [Ag + AA(t)] - etFiAee®) (5.2)

Here Ay is the average electrical field amplitude, AA(t) is the amplitude
noise related to the RIN of the laser source, w is the optical frequency,
and Ag,(t) is the phase noise of the laser. The MZ-intensity modulator
is operated in the push-pull configuration in order to provide chirp-free
modulation. The electrical microwave modulation signal is described
by Eq. (5.1). Assuming small-signal modulation and neglecting higher-
order optical sidebands, the electrical field, E,(t), after the MZ-intensity
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modulator can be expressed,

\/5 iwt+1
Ey(t) =~ 7[AO + AA(L)] - Jo(q) - eiwttitdo(t)
—@[A + AA(t)] X Jl (7) . 6i(w+Q)t+iA¢g(t)+iA¢o(t)
2 o
2 4 . .
—‘2[[,40 + AA(L)] - Ji(y) - W= DEmiBdeOFiAGo(t) (5 3)

Here, v = 7 - % is the modulation index, V; is the half-wave voltage

of the modulator, and Jy and J; are Bessel functions of the first kind.

From Eq. (5.3), the optical intensity is,

Pt) = SlAo+ AW LG + 272

+2[4, + DA - Jo(1)J1(7) - cos(Q + Age)  (5.4)

Then, the average optical intensity is,
Bo(f) = 343 113 + 273 (7) (55)

and the intensity fluctuation term is,

AP(t) = L[2AsAA+ AR’ [R() +273()
+2[Ao + AAW)]? - Jo(1)J1(7) - cos(Q + Adbe)

The first term in AP(t) originates from the intensity noise of the laser.
The second term describes the contribution from the electrical microwave
signal and is negligible compared with the first one. From Eq. (5.4), the

generated microwave signal after the PD can be expressed as,

Vir = 2R - [Ag + DA Jo(1)1(7) - cos(Qt + Ad.)  (5.6)
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where R is the responsivity of the PD. Eq. (5.6) demonstrates that:

1. The optical phase noise A¢p,(t) of the laser completely drops out
because of the correlation between the carrier and the sidebands,

as explained in [52].

2. The phase noise of the detected microwave signal is completely

determined by the electrical source.

3. The intensity noise (RIN) of the optical source is converted into
amplitude noise of the optically generated microwave signal. There-
fore, when the noise spectrum of the optically generated microwave
signal is discussed, both intensity noise from the optical domain
and phase noise from the microwave domain contribute to the to-
tal noise spectrum. Furthermore, it is important to clarify which
noise source is dominant when investigating the noise property
of an optically generated microwave signal or specific device in a

microwave photonic system.
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FIGURE 5.3: (a) Intensity noise without microwave modulation and
(b) SSB phase noise spectra for microwave frequency of 20 GHz. The
signals are measured at the output of the EDFA for several different
input power into the EDFA from -5 dBm to 8 dBm. The original
microwave synthesizer is also shown in (b) as a reference.
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To experimentally investigate whether the main of the noise originates
from the intensity noise of the optical source or phase noise of the mi-
crowave source, an EDFA is employed after the modulator. When the
input optical signal into the EDFA is relatively weak, the EDFA will in-
troduce substantial intensity noise [95], which provides a way to achieve
an optical signal source with variable intensity noise. Figure 5.3(a) shows
that the intensity noise after the EDFA can be changed around 15 dB
by varying the input optical power into the EDFA. To avoid any effect of
the PD (which is especially important for noise measurements), during
the measurements, a fixed optical power level of 3 dBm at the PD is
maintained through a tunable attenuator. Figure 5.3(b) shows the mea-
sured SSB noise spectra of the detected microwave signal after the EDFA
when the laser is modulated at a microwave frequency of 20 GHz. The
electrical spectrum analyzer has a noise floor of -164 dBm/H z. Based
on Eq. (5.6), both the intensity noise, AA(t), of the optical source and
the phase noise, Age, of the electrical source contribute to the SSB noise
spectrum. In Fig. 5.3(b), the SSB noise spectrum of the original mi-
crowave source is also shown as a reference. By comparing it with the
intensity noise shown in Fig. 5.3(a), the phase noise, A¢¢(t), from the
electrical source completely dominates for frequency offsets <500 kH z.
Hence, the SSB noise spectrum of the optically generated microwave
signal is exactly same as the electrical reference. However, for frequency
offsets >500 kH z, the intensity noise is larger than the phase noise of the
electrical source. Therefore, the SSB spectrum of the generated optical
signal will be determined by and follow the level of the intensity noise.
For this regime, the main noise of the optically generated microwave
signal can be attributed to the intensity noise from the optical domain.
Consequently, if one calculates the total noise power of the generated

optical signal by taking an integral of the SSB noise spectrum over a
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bandwidth of interests, for instance 1 GH z here, the total noise power

will mainly originate from the optical intensity noise.

5.3 Noise properties of slow light based microwave

phase shifters

In order to investigate the noise properties of slow light based microwave
phase shifters, the experimental set-up shown in Fig. 5.4 is used. The
previously discussed optical signal is injected into the slow light devices
as the initial optical input. The modulator is operating in the chirp-free
configuration. Similar measurements are performed at three different
positions, @ after SOA-1, @ after the optical filter and @ after the
regenerator, of the microwave phase shifter to investigate how the quality
of the microwave signal evolves. By comparing the noise measurements
at these different positions with that at the initial input, we are able to
quantify how the slow light device and regenerator influence the signal

quality.

5.3.1 Electrical spectra of slow light based microwave phase
shifters

Firstly, the microwave frequency from the network analyzer is set at the
maximum 40 GHz. The measured phase shifting performance and the
electrical microwave power of the microwave phase shifter are re-plotted
from Fig. 4.2. To investigate the noise properties, Figure 5.5(b) further
shows the noise power (the power level at 1 GHz offset from the mi-
crowave carrier frequency) for each case. The following four conclusions

can be drawn:
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slow light based microwave
phase shifter
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FIGURE 5.4: Experimental set-up to measure electrical frequency
spectra after a slow light based microwave phase shifter.

1. The SOAs, either inside the slow light stage or the regenerator,
always decrease the microwave signal power comparing with the
initial input. This is partly because the SOAs are operated in the
deep saturation regime [96] and partly because of the insertion loss

related to all employed devices.

2. a ~20 dB microwave power drop accompanies the phase shift en-

hancement by optical filtering.

3. The regenerator not only restores the red-shifted sideband, but

also boosts the microwave signal power.

4. During the propagation in the proposed slow light based microwave
phase shifter, there is no visible or measurable increase of the noise

compared with the input noise level.

The main conclusion in this section is that although the slow light based
microwave phase shifter does decrease the signal power, they do not

cause any noise increase, at least under our experimental conditions.
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FIGURE 5.5: Measured evolution of (a) microwave phase shift and
(b) electrical microwave power at three positions of the set-up as the
injection current of SOA-1 is increased: @ at the output of SOA-
1, ® at the output of the optical filter and ® at the output of the
regenerator. The symbols with error bars show the noise powers for
each case. The black and yellow dashed lines refer to the microwave
signal and noise power at the input of SOA-1, respectively.

5.3.2 Intensity noise spectra of slow light based microwave

phase shifters

To better understand the measurements and conclusion presented in the
previous section, a more detailed noise measurement can be performed
to clarify which noise source dominates. Here a lightwave component
analyzer is used instead of the electrical spectrum analyzer shown in
Fig. 5.4 to measure the intensity noise and SSB noise spectrum. Due to
the bandwidth limitation of the lightwave component analyzer, the elec-
trical microwave frequency is changed to 20 GHz. As already discussed
in section 5.2, intensity noise at input is a main noise contribution at a
frequency offset larger that 500 kHz. Therefore, it is natural to start
with discussion the effect of the SOAs on the intensity noise. In [53, 97],
it has already been demonstrated that an SOA can be used to suppress

the intensity noise of the laser. This property can be easily understood
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through the optical modulation response of an SOA [97-99]. For the con-
cerned case in this thesis, where SOAs are working in the deep saturation
regime, Figure 5.6 shows an example of a measured optical modulation
response at different injection currents. For a small signal modulation
and by using the expression of optical modulation power Prp in Eq.
(2.7), the optical modulation response of an SOA can be defined as the
ratio of the output optical modulation power Pgp(output) to the in-
put optical modulation power Prp(input). This definition enables the
theoretical calculation by using the model presented in Chapter 2. The
simulation results are also plotted by solid lines. Note that all the results

are normalized to a reference response measurement without the SOA.
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FIGURE 5.6: A typical optical modulation response of an SOA under
deep saturation operation. The dotted colored lines are experimental
measurements. The solid black lines are theoretical calculations.

As Fig. 5.6 shows, at high microwave frequencies, such as 20 GHz,
because the SOA can not follow the optical power variation at the input,
the response is flat and is proportional to the CW power gain. The
response at 20 GH z is ~-2 dB, which means that the output microwave

power is 2 dB less than the input microwave power and can be attributed
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to the deep saturation operation and insertion loss [96]. Along with the
decrease of the modulation frequency, SOAs can response the optical
power variation, and hence the response sharply decreases, which can
be explained by the dependence of gain on the input optical power [100].
Furthermore, this reaction is enhanced as the injection current increases.
The measured results are consistent with theoretical simulations, which
are calculated by using the model presented in Chapter 2. Therefore, the
SOAs will have a reduced sensitivity to any optical power fluctuations
at the input, for our case about 2 dB suppression at high microwave
frequencies and >10 dB at low frequencies. These suppressions naturally
imply that the intensity noise at the input will be damped. In view of
Eq. (5.6), this intensity noise suppression by the SOA can reduce the

noise power of the final detected microwave signal.

Figure 5.7(a) shows how the intensity noise evolves in the microwave
phase shifter. During the measurements, the received optical power
at the lightwave component analyzer is kept at 3 dBm to avoid any
noise floor changes induced by the shot noise. It clearly shows that
the intensity noise is reduced by ~4 dB after the SOA-1 within the
phase shift stage, which matches ~-2 dB response suppression shown
in Fig. 5.6 (taking into account a factor of two difference in decibels
dB difference between electrical and optical units.). Although optical
filtering slightly increases the intensity noise as the injection current
increases, the absolute value is still 2 dB lower than the signal at the

input.
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FIGURE 5.7: Measured (a) intensity noise and (b) microwave signal
power at three different locations of the set-up shown in Fig. 5.4. The
microwave modulation frequency is 20 GH z.
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FIGURE 5.8: SSB noise measurements for three representative injec-
tion currents at three different locations in fig. 5.4. (a) @ at the
output of SOA-1. (b) @ at the output of the optical filter. (c) ® at

the output of the regenerator.
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5.3.3 SSB noise spectra of slow light based microwave

phase shifters

Based on the discussion in section 5.3.2, the SOA-induced intensity noise
reduction will thus decrease the SSB noise power at frequency offsets
larger than 500 kHz. Figure 5.8 gives the measured SSB noise spectra
for three representative injection currents after the SOA @, after the
optical filter @, and after the regeneration @, respectively. In order
to understand these results, let’s back to Fig. 5.7(b) which shows the
microwave signal power change while the microwave phase is shifted. It
is expected that the SSB noise spectrum should follow the microwave
power changes plotted in Fig. 5.7(b). However, from the measured SSB
noise spectra shown in Fig. 5.8, this is only true when the frequency
offset is smaller than 500 kHz. When the frequency offset is larger
than 500 kH z, the variation of the SSB noise spectrum is limited and
determined by the changes of the intensity noise illustrated in Fig. 5.7(a)

instead of the microwave power changes.

If the SNR (= Psignat,aB — Proise,dn) is calculated, the noise power is
the integral of the measured SSB noise spectrum over a bandwidth of
interest, for instance 1 GH z. Therefore, the intensity noise of the input
optical signal at frequency offsets > 500 kHz will dominate the total
noise power. To clearly comprehend how the optical intensity noise
impact the SNR of the detected microwave signal, Figure 5.9 shows a
schematic representation by focusing on the effects of the optical inten-
sity noise. For an extreme situation where, compared with the noise
from the synthesizer, all optical noise can be neglected, the SNR is only
determined by the synthesizer. Now, as the microwave modulation part
of the optical signal is attenuated, the SSB noise spectrum will be re-

duced accordingly, as Fig. 5.9(a) shows. Therefore, the calculated SNR
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FIGURE 5.9: Top row: Microwave signal power (color bars at the car-
rier frequency) and SSB noise spectrum for the cases (a) without any
optical noise, (b) with optical intensity noise, and (c¢) with suppressed
optical intensity noise, respectively. Bottom row: The corresponding
signal to noise ratio. The different colors stand for different values
of the microwave power attenuation. This attenuation is achieved by
optically decreasing the microwave modulation part without altering
the average optical power.

is constant because Pyignai,ap and Pise,dp experience the same drop. If
we take the optical intensity noise into account, it will set a limitation
on the SSB noise measurements. This limitation can be considered as
“white” over the microwave bandwidth of interest, which is represented
by the black dashed lines in Fig. 5.9(b) and (c). Because the microwave

power attenuation does not change the optical intensity noise, it can be
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inferred from Fig. 5.9(b) that, as the microwave signal decreases, the in-
tensity noise dominates the SSB noise spectrum, especially at larger fre-
quency offsets. Therefore, compared with the decreases of Py;gna1,4B, the
noise power P, yisc.qp Will drop smaller and smaller, even be unchanged.
This is why the calculated SNR decrease, as the bottom plot illustrates
in Fig. 5.9(b). However, the SNR deterioration could be avoided by
suppressing the optical intensity noise, as shown by Fig. 5.9(c). This
possibility was theoretically confirmed in [101]. But one should keep in
mind that when the intensity noise is decreased to the same order of,
or even smaller than, the noise induced by the SOA itself, the SNR will

decrease again due to the domination by the SOA induced noise.

The intensity noise of the laser used in our experiments is -154 dBm/H z.
Firstly, we can calculate the SNR of the input optical signal, ~35 dB,
by integrating the red curve, in Fig. 5.8, over a bandwidth of 1 GHz.
By propagating through the microwave phase shifter, the detected mi-
crowave signal experiences a 20 dB drop at the injection current of 180
mA. Based on the previous discussions, this 20 dB drop can deteriorate
the SNR due to that the noise power could be dominated by the inten-
sity noise of the input optical signal. The measured SNR as a function
of the injection current of the SOA-1 is plotted as the dotted line in Fig.
5.10 and confirms the predicted SNR deterioration at ~180 mA, also
in good agreement with published results in [89]. However, if we take
a simplified situation where the SOA induced noise and measurement
floor can be totally neglected, a 15 dB SNR improvement could be ex-
pected, as indicated by the solid line in Fig. 5.10, by using a laser with a
shot noise limited RIN of -172 dBm/Hz [102]. But even when the SOA
induced noise is considered, based on the theoretical analysis in [101], a

certain degree of the SNR improvement is still expected. These issues
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could be quantitatively investigated using well-known theory of noise in

SOAs [101, 103].
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FIGURE 5.10: SNR as a function of injection current for two lasers
with different RIN. The RIN of the laser used here is -154 dBm/Hz.
The simulation curve (the solid line) neglect the effects of amplified

spontaneous emission noise in the SOA.

5.4 Discussions

350

In this Chapter, the noise properties of the slow light based microwave

phase shifters were discussed. In the microwave community, SSB phase

noise is a commonly used parameter to evaluate the spectral purity of

the microwave signal. In the optical community, intensity noise is con-

sidered as one of the major noise contributions to the microwave pho-

tonic system. An analytical model was introduced for describing how

the intensity noise and SSB phase noise combine and impact the spec-

tral quality of the microwave signal. The experimental measurements

confirm the model and demonstrate that it is important to clarify which

noise source is dominant. Under the experimental situation analyzed in
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this chapter, the intensity noise of the input optical signal dominates

the SSB noise spectrum at a frequency offset larger than 500 kH z.

The model was used to investigate, in more detail, the noise properties
of the proposed microwave phase shifter and the regenerator stage. The
measurements verified that the SOA based microwave phase shifter and
regenerator did not result in measurable increase of the microwave noise.
Furthermore, because the SOAs were operated in the regime of deep
saturation, the intensity noise can be suppressed up to 4 dB, which led

to a 4 dB decrease of the SSB phase noise at >500 kH z frequency offsets.

Based on this improved understanding, it could be expected that by
using an input optical signal with lower RIN, the SNR of slow light
based microwave phase shifters can be significantly improved, rendering
these devices promising for microwave photonics applications. However,
one should notice that when the intensity noise of the input signal is
lower than the noise from the saturated SOAs, the situation will be
different, because in this case, the SOAs induced noise will dominate

instead of the intensity noise of the input optical signal.



Chapter 6

Microwave photonic true
time delay based on cross

gain modulation in SOAs

Up to now, we have investigated CPO effects induced slow and fast light
phenomenon in SOAs. By exploiting the refractive index dynamics, 360°
microwave phase shifts over a bandwidth of several tens of GHz were
realized. As an application, fully tunable microwave notch filters over
the whole FSR were demonstrated. However, as already mentioned in
Chapter 1, the other interesting application, phase array antennas, has
not been discussed. To satisfy the broadband requirement of current
antennas and avoid the beam squinting effects, slow light based devices
have to provide a microwave true time delay, which refers to invariance
of time delay with microwave frequency. Based on the relation between
microwave phase shift and time delay, Ap = 27 frrpAt, a microwave

true time delay corresponds to a linear phase change as a function of

105
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the microwave frequency. It can be concluded from Fig. 4.13 and Fig.
4.15 that CPO effects based slow light can not achieve a microwave true
time delay. In this chapter, we will introduce a new slow light scheme,
which is achieved by cross gain modulation (XGM) effects in an SOA.
Although this scheme requires two independent lasers, one as control
signal and the other as probe, it is able to provide a microwave true

time delay over a microwave bandwidth of ~40 GHz.

6.1 Introduction

Since the first demonstration of optically steered phased array antenna
[12], the study of photonic microwave true time delay has become a hot
topic in microwave photonics. Photonic realizations of true time de-
lay possess promising advantages over the traditional microwave delay
lines, such as light weight, huge bandwidth, and immunity to electro-
magnetic interference. Up to now, a common scheme is based on disper-
sion induced time delay by tuning the laser wavelength and propagating
through high dispersion fibers or chirped fiber gratings [12, 104, 105].
This scheme is, however, relatively bulky and complex. As an alterna-
tive, slow light effects have been exploited to achieve true time delays
[50, 65]. Especially slow light in semiconductor waveguides can provide
very fast tuning speed, compact size and low power consumption. How-
ever, as mentioned in this thesis, it is still difficult to achieve true time

delay over a broadband microwave frequency, e.g. several tens of GH z.

Here, we investigate the possibility to achieve microwave true time de-
lays in an SOA by exploiting the XGM effects. It is well-known that
XGM in a SOA can be used to perform wavelength conversion and opti-

cal switching [38, 39]. As reported in [61, 62], the XGM response has a
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low-pass filter profile, which is because the SOA can not follow the op-
tical power variation when the intensity modulation frequency is larger
than the inverse of the carrier lifetime. For the counter-propagation
configuration, where the signal beam and CW probe beam propagate
in opposite directions in the SOA, the XGM response drops off signifi-
cantly faster with the microwave modulation frequency compared to the
co-propagation case [62]. Based on the Kramers-Kronig relation, alter-
ing the slope of the fall-off edge of the XGM response will lead to group
velocity changes of the converted probe beam after the SOA. In this
chapter, we experimentally examine both configurations, co-propagation
and counter-propagation, and confirm that due to the fast drop of the
XGM response, the counter-propagation scheme can provide tunable
true time delays in the range up to 10.5 ps over a microwave frequency
band from a few GHz to 35 GHz.

6.2 Experimental results

6.2.1 Co-propagation configuration

1. OO0

| Laser Probe }

[ Laser signal KX Wzm |—{ EDFA

Network
Analyzer

FIGURE 6.1: Co-propagation experimental set-up to measure the time
delay induced by XGM effects in an SOA.

Figure 6.1 shows the experimental setup with the signal and probe co-

propagating through the SOA. The wavelength of the CW probe is 1550
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nm with -5 dBm optical power injected into the SOA. The signal laser is
intensity modulated by a microwave signal from the network analyzer.
The wavelength of the signal laser is 1540 nm and the optical power
can be tuned by a variable optical attenuator. The SOA is electrically
biased at 340 mA to achieve maximum XGM efficiency. After the SOA,
an optical band-pass filter is employed to select the probe wavelength

before the detection by the network analyzer.
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FIGURE 6.2: Measured (a) XGM responses, (b) microwave phase
shifts and (c) time delays for different optical signal power levels in
the co-propagation configuration.

Figure 6.2 (a) presents the measured XGM response of the probe beam
as a function of the microwave modulation frequency for different signal
laser levels. To clearly compare the slopes, each curve is normalized

to the value at the lowest modulation frequency. The resonance peak
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appearing at a few GH z is related to the carrier lifetime. At microwave
frequencies below 15 GH z, the slope is seen to change with the input
signal power. Consequently the microwave phase will experience a shift,
as shown in Fig. 6.2(b), and its value can be controlled optically via the
signal power level. The obtained microwave phase shifts are similar to
those achieved by the conventional CPO based slow light effects (with-
out optical filtering). Therefore, it can also be explained by the gain
dynamics. Figure 6.2(c) gives the corresponding time delays, which are

apparently not true time delays.

6.2.2 Counter-propagation configuration
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FIGURE 6.3: Counter-propagation experimental set-up to measure
the time delay induced by an SOA.

Using the set-up depicted in Fig. 6.3, we also investigate the time delay
obtained in the counter-propagation configuration. Two optical circula-
tors are employed, instead of the optical band-pass filter, to separate the
probe and signal beams. All other devices are operated under conditions

identical to the co-propagation configuration.

Compared to the co-propagation case, the slope of the XGM response
experiences a larger change over the entire investigated microwave fre-

quency, as Fig. 6.4(a) shows. The microwave phase versus frequency
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relationship, in Fig. 6.4(b), is seen to be nearly linear, with a slope that
increases as the input signal power increases from -5 dBm to 9 dBm.
Therefore this significant slope increase results in a tunable true time
delay. A ~10.5 ps continuous true time delay over a frequency range
from 5 GHz to 35 GHz is successfully obtained in Fig. 6.4(c).
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FIGURE 6.4: Measured (a) XGM responses, (b) microwave phase
shifts and (c) time delays for different optical signal power levels in
the counter-propagation configuration.

6.3 Summary

In conclusion, we experimentally demonstrated a photonic microwave
time delay line realized by a semiconductor optical amplifier. The op-

eration principle is cross gain modulation. Both co-propagation and
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counter-propagation configurations were investigated. In the co-propagation
configuration, a time delay of several tens of picoseconds at a few GHz
is realized, which is limited by the carrier lifetime. However, in the
counter-propagation case, due to the fast fall-off of the XGM response
with the microwave frequency, a 10.5 ps continuously tunable true time
delay over a microwave bandwidth of several tens of GH z is achieved.
The maximum time delay and microwave operation frequency could be

further improved by engineering the structure of the SOA.






Chapter 7

Conclusion and outlook

7.1 Conclusion

Control of the group velocity of light, well known as slow and fast light,
brings a new opportunity to manipulate light, and hence has stimulated
a lot of research on the fascinating physics and potential applications in
optical signal processing. For a modulated optical beam at a microwave
frequency, controlling the speed of light naturally provides microwave
phase shifts or delay lines, which are highly desired for microwave pho-
tonic systems and still difficult to realize by traditional technologies,
especially at millimeter-wave bands. Recently a lot of work has focused
on microwave phase shifts realized by slow and fast light effects in semi-
conductor materials, especially SOAs or EAs. In this case, the process of
coherent population oscillations (CPO) leads to the control of the group
velocity. However, due to their relatively long carrier recovery times,

slow and fast light effects can provide only 150° microwave phase shifts
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operating at a microwave frequency of 1 GHz with a few-GHz band-
width, and inevitably cause 20 dB microwave power variation [43-46].
These limitations, small bandwidth, limited phase shift, and large mi-

crowave power variation, seriously hamper their applications.

This thesis has investigated SOA based slow and fast light devices for
applications in microwave photonics, theoretically as well as experimen-
tally. The main objective is to resolve the aforementioned problems or
limitations of current slow light devices, and further prove the poten-
tial of slow and fast light effects for real applications within microwave

photonic systems.

At first, we theoretically investigated the limitations of the achievable
microwave phase shifts by CPO effects enabled slow and fast light effect
in SOAs. It turns out that the refractive index dynamics in the SOA
cancels out due to the double-sideband detection. Therefore, the ob-
tained microwave phase shift is solely determined by the gain dynamics.
To exploit the refractive index dynamics we experimentally proposed a
novel and simple scheme, which utilized an optical filtering, after the
SOA, to block the red-shifted sideband. A ten-fold increase of the ab-
solute phase shift as well as the microwave operation bandwidth was
achieved. Additionally, perturbation theory provided a physical under-
standing on the optical filtering enhanced slow light effects. We then
investigated in more detail the proposed new structure. The initial mod-
ulation chirp dependence and the microwave operation frequency lim-
itations were analyzed both theoretically and experimentally. Because
the detected microwave signal is generated by the beating between the
optical carrier and sidebands, both microwave phase delay and phase ad-
vance were demonstrated by utilizing the initial optical phase difference

between the carrier and sidebands. This led to the implementation of a
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100 percent tunable microwave photonic notch filter over its whole FSR.
The microwave operation bandwidth of the proposed slow light devices
was analyzed by an approximate analytical solution, which highlights
that the microwave operation frequency is greatly expanded through
the linewidth enhancement factor and gives directions for further engi-
neering the SOA to make it operate at a specific microwave frequency

band of interest.

In order to cascade slow light based phase shifters, we introduced a
red-shifted sideband regenerator between two phase shift stages. The
principle of regeneration is four wave mixing by an SOA. This new con-
figuration not only enabled the cascadability of several microwave phase
shifters, but also provided the possibility to control the microwave power
independently. A doubling of the microwave phase shift with less than
1.6 dB power change at 19 GH z was successfully demonstrated. This
cascadability finally enabled the achievement of 360° microwave phase
shifts by slow light effects in SOAs. To confirm the phase shifting ca-
pability at even higher microwave operation frequency, a MZ-modulator
with a bandwidth of 40 GHz was used. > 360° microwave phase shifts
over a microwave frequency from ~9 GHz to 40 GHz were demon-
strated by cascading three optical filtering enhanced slow light stages.
This is, to the best of our knowledge, the first-ever demonstration of
360° microwave phase shift by slow light effects in terms of both the
magnitude of achieved phase shifts and the microwave operation fre-
quency. Furthermore, the control of three injection currents offers more
flexible manipulations of microwave phase and power. As an example,
a ~ 330° linear microwave phase shift was demonstrated. Therefore,
all these achievement by slow light effects show a promising potential

with advantages and unprecedented characteristics in terms of losses,
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tuning speed, phase shift, bandwidth and flexible controls of both the

microwave phase and the power.

The noise properties of the proposed structure were also examined ex-
perimentally. Two commonly discussed noise sources in microwave pho-
tonic systems, intensity noise of the laser and SSB phase noise of the
microwave source, were investigated by a theoretical model. The model
shows that both the intensity noise of the optical signal and phase noise
of the electrical synthesizer contribute to the SSB noise spectrum of
the optically generated microwave signal, which was also confirmed by
the experimental measurements. Furthermore, at frequency offsets <
500 kH z the SSB noise spectrum is dominated by the phase noise of the
synthesizer. Otherwise, when the frequency offset is larger than 500 kH z
it is dominated by the intensity noise of the optical signal. Therefore,
when the SNR is calculated, the intensity noise at the large frequency
offsets could be a main contribution to the total noise power. By in-
cluding the slow light based microwave phase shifter, we experimentally
concluded that the proposed phase shift stages do not introduce any
measurable noise increases, which is because the intensity noise at the
input optical signal is dominant. This results in a possibility to improve
the SNR, to a certain extent, by suppressing the intensity noise of the

input signal.

Finally, to apply the SOAs based slow light effects in optically steered
phased array antennas, a microwave true time delay is highly desired
instead of a microwave phase shifter. Especially for a broadband an-
tenna, a true time delay is able to remove the beam squinting effects.
To implement a microwave true time delay, we experimentally proposed
and investigated an XGM based slow light scheme. By operating the

scheme in a counter-propagation configuration, the slope of the fall-off
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edge of the XGM response led to a linear microwave phase change with
the microwave frequency. Consequently, a 10.5 ps continuously tunable
true time delay over a microwave bandwidth of several tens of GH z was
achieved. The demonstration expands the possible applications of SOAs

based slow light effects in broadband antennas.

7.2 Outlook

Though we have shown the potential of slow light effects in SOAs by
achieving 360° microwave phase shifts over a microwave bandwidth of
several tens of GH z, there are still some points which are not properly
covered in this thesis. Firstly, all presented results in this thesis were
achieved by using a sinusoidal microwave carrier, which means that no
actual RF signal propagated through the slow light based microwave
devices. Therefore, from an application point of view, launching a mi-
crowave signal with a finite bandwidth into the proposed device is of
course more interesting. Another very interesting topic missing from
this work is the implementation of phased array antennas. From the re-
sults shown in this thesis, CPO based slow light effects can not provide a
true time delay over a large microwave bandwidth, which is a limitation
for broadband antennas. But there is still potential for narrow band
phased array antennas [106]. Also, the SOAs we used here are com-
mercially available with bulk or quantum well structures. It would be
worthwhile investigating other nano-engineered SOAs, such as quantum
dots, which could have very different properties, for instance fast carrier
recovery time, low saturation power and giant linewidth enhancement
factor. All these parameters could enhance the performance of the pro-

posed devices. In this work, we did not discuss the noise contribution
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from SOAs because in our case it was inferior to the intensity noise
at the input. If the intensity noise can be suppressed to a sufficiently
low level, the noise from the SOAs will dominating. Finally, recently
several photonic microwave phase shifters based on different principles
were proposed too, such as silicon microring resonator based schemes
[107]. Up to 360° phase shifts at a microwave frequency of 40 GHz was
demonstrated by using a dual-microring resonator [108]. Therefore, it
is considered important, from an application point of view, to compare

these different schemes and establish their respective pros and cons.
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