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ABSTRACT

This thesis aims at investigating and showing the feasibility of using the SOA-MZI module
as a photonic sampler in place of other technological solutions of electro-optic nature (EOM,
MZM, etc.) which have been adopted so far. In this manner, we obtain the additional benefit of
rendering the photonic sampler an all-optical as opposed to electro-optic, module. The SOA-MZI
photonic sampler can eventually be incorporated as a building module in more advanced systems
such as in photonic Analog to Digital Converters (ADCs) to perform the process of sampling or
in a complete Radio over Fiber (RoF) application as a frequency mixer. In the aforementioned
applications, the proposed module enjoys the benefit of low temporal jitter, high flexibility and
adaptability while it facilitates the transformation of the corresponding electro-optic systems to
all-optical ones.

Two architectures are possible with the SOA-MZI photonic sampler, the Switching and
Modulation architectures. Modulation architecture is novel and is presented for the first time
during this thesis work. Employing the Modulation architecture, a post-distortion linearization
method is formulated theoretically and validated experimentally by applying it to sinusoidal
signals at frequencies between 0.25 GHz and 2 GHz with modulation indices (M) between
20% and 80%, which are sampled at a 10 giga samples per second (GSa/s) rate. The potential
improvement by the use of the linearization technique in terms of Total Harmonic Distortion
(THD) is estimated at 19.6 dB. Experimentally, this improvement is verified for a sinusoidal
signal to be sampled at 250 MHz with M equal to 80% while significant improvement in terms
of TH D is observed for sinusoidal signals to be sampled up to 2 GHz. Specifically, for the highest
frequencies measured, a T'HD improvement equal to 10 dB and equal to 7 dB is reached for a
sinusoidal signal to be sampled with M1 equal to 60 % at 1 GHz and 2 GHz, respectively.

The SOA-MZI photonic sampler employed as a photonic up-converter is theoretically exam-
ined by developing a small-signal analysis model, and experimentally evaluated and validated
using Switching and Modulation architectures in terms of Conversion Gain (CG). An expres-
sion in closed-form is derived for the C'G, which provides qualitative insight into this metric of
the two architectures. Using this closed-form expression, the performance in terms of CG for a
known set of parameters can be predicted, or the scheme’s critical parameters can be selected
in order to optimize the up-converter’s performance. A CG equal to 16 dB is achieved for the
1 GHz to 9 GHz conversion when employing the Switching architecture, whereas a CG equal
to 9 dB for the 1 GHz to 39 GHz conversion when employing the Modulation architecture. A
sufficiently low Error Vector Magnitude (EVM) for Quadrature Phase-Shift Keying (QPSK)



and Quadrature Amplitude Modulation of 16 states (16-QAM) is obtained when employing the
Modulation architecture, which allows to support a data bit rate equal to 1 Gbps and 512 Mbps
for QPSK and 16-QAM, respectively.

The most important outcome is that the SOA-MZI photonic sampler is a viable technological
alternative to the most main electro-optic modules employed into the photonic ADC systems
and for the photonic mixing operations in RoF systems. Especially, the Modulation architecture
is more efficient than the Switching architecture and not just complementary, as it supports very

high sampling frequencies up to 100 GHz or even higher.

Keywords: Optical Sampling, Ultrashort Pulses, Semiconductor Optical Amplifier (SOA), Mach-
Zehnder Interferometer (MZI), SOA-MZI, All-optical Mixer, Frequency Conversion, Switching
Architecture, Modulation Architecture, Radio over Fiber (RoF), Photonic Analog to Digital
Converter (PADC), MicroWave Photonics (MWP), Post-Distortion Linearization Technique.
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CHAPTER 1

INTRODUCTION

1.1 Research Context

Over the last decades, the research area of microwave photonics (MWP) has attracted great
interest and has substantially evolved. MWP is defined as the interdisciplinary field that com-
bines opto-electronic devices, modules and systems with microwave technology. Due to its dual
nature, MWP permits certain functionalities to be performed either in the electrical or in the
optical domain. The choice between the two domains depends on the assessment of the advan-
tages and the constraints of the specific electronic or optical module available for this purpose.
The motivation to utilize optical modules into microwave systems, replacing the corresponding
electronic ones, is that the optical modules can take directly advantage of the large bandwidth,
low losses and high immunity to electromagnetic interference (EMI) of optical fibers. In the past
few years, there has been an increasing effort in researching new MWP techniques for different
applications. In general, the topics covered by MWP include photonic generation of microwave
and millimeter-wave signals, up and down frequency mixing, optically controlled phased array
antennas, radio-over-fiber systems, and photonic analog to digital conversion (ADC) devices
[1-13]. MWP can be used for applications such as broadband wireless access networks, sensor
networks, satellite communications, instrumentation, 5G, radar, Internet of Things (IoT) and

electronic warfare [14-22].

A basic block diagram of an MWP system is depicted in Figure 1.1. A Radio Frequency
(RF) input signal, which is conditioned properly by an electrical drive circuit, is converted
to the optical domain by an Electro-Optic Modulator (EOM). The signal is then transmitted
through an optical fiber and subsequently processed by photonic devices. The processed signal
is again transmitted through an optical fiber and then converted back to the electrical domain
and processed by a photo-receiver. The RF Output signal is received after proper electrical
processing by an RF circuit. Either the RF input or the RF output or both could be received

or transmitted by an antenna, which is the case in RoF systems.

In this framework, in order to expand the potentiality and flexibility of such an MWP system,

the development of a subsystem in the optical layer to perform the function of sampling is crucial.
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Figure 1.1: Basic scheme of a microwave photonics (MWP) system. RF electrical wiring and
the outline of electrical devices are in blue color, whereas the fiber connections and the outline
of photonic devices and modules are in black color. Also, the outlines of the Electro-Optic
Modulator, which converts the signal from the electrical to optical layer (E/O), and of the
Photo-receiver, which performs the inverse (O/E), are in black color.

1.1.1 Optical Sampling

Optical sampling refers to a class of techniques where optical signals, usually in the form of
ultra-short pulses, are used to sample electrical or optical signals.

Initially, the sampling process was realized in the electrical domain, which impeded the
exploitation of its full potential due to the limited electronic bandwidth and the timing jitter
of electronic oscillators [7, 10]. Lately, however, sampling in the optical domain has become an
attractive technological alternative owing to its ability to combine the advantages of optical fiber
links with the possibility of using a low jitter Mode-Locked Laser (MLL) [23, 24] as the sampling
signal [10, 25, 26]. The sampling function is fundamental and it is used in a wide number of
applications.

Some typical applications of optical sampling are:

o ADCs with sampling rates of tens of gigahertz; applications in wide-band radars, optical

fiber communications, and ultra-fast oscilloscopes

e Characterizing trains of ultra-short pulses at extremely high pulse repetition rates, which

occur e.g. in time-multiplexed optical fiber communications systems
e Generating microwave or millimeter wave signals
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1.1.1.1 Photonics in ADC architectures

The use of photonic technology in ADC architectures can be divided in 4 categories:

e Photonics-assisted ADCs, an electronic ADC that is responsible for both the sampling and

quantization functions and photonic components are employed to boost its capabilities
o Photonic sampling with electronic quantization
e Electronic sampling with photonic quantization
e Photonic sampling and quantization

From the above categories, the most developed one is photonic sampling with electronic quan-
tization, and it is the one that will be explained in detail, in the following.

A basic photonic link, using a simple design for optically sampled and electronically quantized
ADCs, is shown in Figure 1.2. In this, an MLL playing the role of an optical clock provides a
stream of ultra-short optical pulses of high temporal stability. This stream, which acts as the
sampling signal, enters into the optical port of the EOM which in most cases is a Mach-Zehnder
Modulator (MZM) at the same time as the RF signal to be sampled is applied to the RF port
of the EOM. The EOM is the device which performs the optical sampling. Finally, the sampled
signal at the EOM output is converted from the optical domain to the electrical domain by the

use of a high-speed photodiode and then digitized by the electronic ADC. The main advantage of

Sampling

—
e

Electro-Optic
Modulator

Optical Clock lF J

3 Quantization

Figure 1.2: Basic photonic link of optically sampled and electrically quantized ADCs. Reproduced
from [27].

photonic sampling system with electronic quantization, such as the one in Figure 1.2 is that the
temporal jitter is controlled by the ultra stable optical clock and is significantly lower than the
temporal jitter of electronic clocks. However, the main inconvenience of such a system is that the

rate at which the unique electronic ADC and subsequently the incorporated quantizer operates
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is equal to the sampling rate. In case of broadband communications, the sampling rate must be
high enough to prevent aliasing, meaning that the system in Figure 1.2 requires a high speed and
consequently a high cost electronic ADC. This inconvenience can be overcome by substituting the
unique high-speed ADC with multiple lower-speed ADCs in two possible architectures, namely
time division demultiplexing and time-to-wavelength mapping. Both architectures are presented
in the following.

A simple design for optically sampled and electronically quantized ADCs is presented in
Figure 1.3. An MLL, playing the role of an optical clock, provides a stable stream of ultra-short
optical pulses. This stream, which acts as the sampling signal, arrives into the optical port of
the EOM while the RF signal to be sampled is applied to the RF port of the EOM. Essentially,
the EOM is the device which performs the optical sampling. The sampled optical signal is time-
demultiplexed by an optical switch in n channels (8 in the figure), converted to the electronic
domain by photodetectors. Subsequently, the electric signal is conditioned properly either by
the use of an appropriate low-pass filter or of an integrate-and-reset circuit [28], and finally,
it is digitized by the electronic ADCs and assembled by the processing unit that follows. This
implementation, utilizing multiple channels, reduces the bandwidth requirements for photode-
tectors and the sampling rate requirements for individual electronic ADCs [27]. Additionally,
because of the reduced bandwidth at the input of electronic ADCs, the comparator ambiguity
is significantly reduced [10]. However, it should be noted that the time division demultiplexing
architecture is demanding in terms of the synchronization between the parallel channels and
except for the multiple ADCs, there is also the need for multiple photodiodes, an optical switch
and some processing at the last stage in order to convert the parallel quantization channels to a
serial digital output. The time-demultiplexed architecture with 8 channels has been implemented
in [29], sampling a 733 MHz signal at 505 MSa/s with 9.8 ENOB.
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Figure 1.3: Layout for Optically Sampled Analog to Digital Converters using time-
demultiplexing. CC: Conditioning circuit. Reproduced from [27].

There are also many variants of this architecture which manage to achieve high performance.
One of these alternative architectures is the wavelength-demultiplexing based on discrete time-

to-wavelength mapping. This architecture is presented in Figure 1.4.

In this architecture, the MLL, which has a repetition period T, is followed by a wavelength
demultiplexer, which splits the multi-wavelength MLL signal into 4 channels. Each of these
channels is delayed by a different amount of time, ensuring that at the output of the wavelength
multiplexer (MUX) that follows, a pulse-train of four periodically repeated wavelengths with a
repetition period Tk /4 is formed. The amplitude of the pulse train is modulated by the input
RF signal with the use of a Mach-Zehnder Modulator (MZM). This operation creates a time-to-
wavelength mapping within the pulse train, meaning that neighboring pulses at the optical input
of the MZM differ in wavelength [30], as shown in Figure 1.4. Wavelength demultiplexers as the
one after the MLL, split each one of the two complementary outputs of MZM to 4 channels.
Finally, photodetectors in each channel are used for the conversion to the electronic domain, and
ADCs are employed for the quantization and the digitization of the input RF signal. The gain
and offset mismatch between the different channels can be addressed by appropriate calibration
and compensation algorithms which are successfully applied in modern electronic multichannel
ADCs as well. The architecture of wavelength demultiplexing ADCs based on time-to-wavelength
mapping was proposed in [30] and [31], and was successfully implemented in [10] sampling a 41
GHz signal at 2.1 GSa/s achieving 7 ENOB. Another interesting modification of the time-to-
wavelength mapping scheme is time-stretching (TS) and it is used for the implementation of
ADCs, as well as for the study of very high frequency phenomena, such as semiconductor charge

carrier dynamics. This configuration (TS-ADCs) was implemented in [32], achieving 5.17 ENOB
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for a 26 GHz signal and bandwidth over 9.6 GHz. The combined use of multiple channels and
multi-stretching, can be used to achieve exceptionally high sampling rates. Such a configuration
with 50 channels is employed in [33] to achieve 1 TSa/s sampling rate. The ENOB for this
study was 3.5 for a 48 GHz RF signal, and the bandwidth was over 10 GHz. Also, a spectacular
sampling rate of 10 TSa/s has been reached with the same technique (distributed Raman optical
amplification is realized inside the dispersive element that performs the time stretch), sampling
a 95.3 GHz signal with 4.5 ENOB and bandwidth over 50 GHz [34].
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Figure 1.4: Layout of the photonic ADC based on discrete time-to-wavelength mapping. Repro-
duced from [10].

1.1.1.2 Photonic Mixers

Photonic microwave mixers have been proposed and implemented as a substitute of electronic
microwave mixers due to two significant advantages: their relative simplicity and the ease of
distribution of the microwave signal through the optical fiber without the need of unnecessary
conversions from the electrical to the optical domain, and vice-versa [9].

Many devices exploiting various non-linear electro-optic and optical phenomena has been
used as photonic mixers. The fused silica in a Highly Nonlinear Dispersion Shifted Fibers (HNL-
DSF) can be used for optical mixing exploiting either Cross-Phase Modulation (XPM) or Four-
Wave Mixing (FWM) [35]. The main restriction of HNL is the need of a large fiber length and a
high power. High performance Mach-Zehnder modulators (MZM) with Lithium-Niobate mate-
rial (LiNbO3) that exploit Pockels electro-optic effect have been extensively used for the purpose
of frequency conversion [35]. Another possibility is the Electro-Absorption Modulator (EAM)
utilizing Cross-Absorption Modulation (XAM) in a semiconductor material [36, 37]. Finally,
photodiodes and lately UniTravelling Carrier PhotoDiodes (UTC-PD) have also been employed
by exploiting the nonlinear current response when the incident power is high enough and the re-

verse bias of photodiode is low enough [38]. Originally, Semiconductor Optical Amplifiers (SOA)
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Table 1.1: Comparison of Frequency Conversion Techniques

Device/Effect H Advantages H Disadvantages
Fiber based Very simple configuration Large fiber length, high pump power
UTC-PD Simple configuration Low CG
EAM/XAM Simple configuration, large bandwidth Low CG, high pump power
MZM Simple configuration Low CG, polarization sensitive
SOA/XGM Simple configuration Low ER, high distortion
SOA/FWM Large conversion bandwidth Low CG, polarization dependant
SOA/XPM Low pump power, high ER Requires PM-to-AM conversion

exploiting the nonlinear phenomena of XGM (Cross-Gain Modulation) have been proposed and
investigated in [39], presenting a photonic mixer for down-conversion and up-conversion of a 6
GHz signal to 1 GHz and 11 GHz, achieving a Conversion Gain (CG) up to 6 dB for down-
conversion and up to 2 dB for up-conversion. Another group of researchers in [40], succeeded in
up-converting a 1 GHz signal to 24 GHz and 26 GHz. CG was 10 dB and there was a negligible
phase noise degradation in the process. A comprehensive study of frequency mixing employing
an SOA has been conducted in [41]. In this work, a small-signal theoretical analysis and an ex-
perimental performance analysis of the device were presented. The implemented mixer managed
to obtain 11.5 dB and 11 dB for down-conversion (from 1 GHz to 0.1 GHz) and up-conversion
(from 1 GHz to 1.9 GHz), respectively.

SOAs exploiting XPM [42-46] can be used for mixing embedded in an interferometric ar-
rangement, such as the Mach-Zehnder Interferometer (SOA-MZI). SOA and SOA-MZI exhibit
all the advantages mentioned in the previous paragraph while being an all-optical solution. In
addition, because they both are active modules, they also provide a CG as opposed to the con-
version loss suffered by the previously reported passive photonic mixers. The main disadvantage
of XGM-based mixing techniques is the limited Extinction Ratio (ER) of the converted signal.
By comparison, a SOA-MZI provides large ER while lowering the required optical input power
due to its interferometric structure [44, 45]. A comprehensive comparative analysis of alterna-
tive up-conversion configurations employed in RoF systems is made in [35]. The most crucial
advantages and disadvantages of the presented conversion techniques are listed in Table 1.1.
All-optical mixing using a SOA-MZI has been experimentally achieved in [42], where frequency
up-conversion from 2.5 GHz to 32.5 GHz was demonstrated with a high CG of 6 dB. Lately,
SOA-MZI-based frequency mixer was successfully used to generate a 100 GHz signal through
up-conversion of 1 GHz signal [47]. A SOA-MZI combined with an MLL’s pulse train of repe-
tition frequency f., instead of a two-tone signal produced either by an EOM, as in [42], or an

MZM, as in [44], provides increased flexibility as it can be used to up- or down-convert a signal
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at faar , to multiple target frequencies at |ifex + faat|, n € N, simultaneously [45, 46]. A possible

integration of such a photonic sampler mixer in a basic RoF system is illustrated in Figure 1.5.
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Figure 1.5: Integration of the photonic sampling mixer into a radio over fiber (RoF) system.
RF electrical wiring and the outline of electrical devices are in blue color, whereas the fiber
connections, the outline of photonic devices and modules, as well as the Photo-receiver which
performs the conversion from the optical to the electric domain (O/E) are in black color. Hfc:

Higher frequency components.

In the transmitter, the IF optical signal is up-converted by the Photonic Sampling Mixer,
exploiting the property of sampling, from fg4; t0 @ fe, £ fdat, as shown in Figure 1.6. The Photonic
Sampling Mixer’s output is transmitted by the optical fiber to the Photonic Receiver where it is
converted to the electrical domain. Then the resultant electrical signal is filtered and amplified
in order to retain only the frequency content of the desired target RF frequency. Finally, the up-
converted signal is emitted by the antenna to the remote receivers/transmitters. In the receiver,
the incoming RF electrical signal is received by the antenna, subsequently filtered, amplified
and converted to the electrical domain by an EOM. Then, the optical RF signal is transmitted
to the Photonic Sampling Mixer by an optical fiber where it is down-converted from fz,: to
faat — ifer, as shown in Figure 1.7. A key benefit of a Photonic Sampling Mixer other than the
ones that stem from the direct compatibility with optical fiber is that compared to an Electronic
Mixer, the Photonic Sampling Mixer permits to avoid the electrical up-conversions and down-

conversions with noisy high frequency RF oscillators by employing an ultra-stable optical clock
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[7, 26]. However, it should be noted that in the case where either the input sampling signal or the
output sampled signal has to be transmitted over a long distance through an optical fiber, the
problem of fiber chromatic distortion must be addressed. One possible solution to compensate
for the chromatic dispersion and overcome the associated problem is through using a Dispersion

Compensating Fiber (DCF) of appropriate length just before the electro-optic conversion stage.

IF signal
%o,
-f -faat O faat Target
RF signal
-f “ifek ~fek -fdat 0 fdat fek fck f

Figure 1.6: Conceptual diagram of sampling for the purpose of up-conversion.

In addition, it is worth noting that this system could be applicable to Coarse Wavelength Di-
vision Multiplexing (CWDM) and Dense Wavelength Division Multiplexing (DWDM) systems,
provided that if.r + fiq¢ is smaller than the channel bandwidth also known as channel spacing
of the utilized grid.

At the first such study [46], the repetition rate of MLL was f. = 7.8 GHz and the interme-
diate frequency was fg,; = 1 GHz. The SOA-MZI bandwidth was 7.3 GHz and the ER equal
to 19.2 dB for the selected operating point. The data signal was up-converted from fgz,; = 1
GHz to ifep £ faar, with ¢ = 1,2,3,4,5. As the frequency of up-converted signal increased, the
CG was diminishing from 14.4 dB for the first up-conversion frequency to -20 dB for the fifth
up-conversion frequency.

At the second study [45], a different optical pulse source was used with shorter pulses and
the same technique was employed for both up- and down-conversion. The repetition rate was f.x
= 7.8 GHz, and the frequency of the sampled to be up-converted was 0.5 GHz for up-conversion
and 39.5 GHz for down-conversion. The SOA-MZI bandwidth was 6.5 GHz and the ER was 23
dB for the selected operating point. The up-conversions were performed from fz,; = 0.5 GHz
to i fek £ fdat, and the down-conversions from fi,; = 39.5 GHz to fgar — i fer, with i = 1, 2, 3,
4, 5. CG for down-conversion was diminishing as the frequency increased from 20.4 dB for the

first up-conversion frequency to 0 dB for the fifth up-conversion frequency. For up-conversion,
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the CG was similarly reduced from 15.5 dB to -13.4 dB.

fck - ‘0 - .‘fck - 7’fck fdat f

T fam ifar

Figure 1.7: Conceptual diagram of sampling for the purpose of down-conversion.

Plenty of functions have been developed in the last few years in MWP using SOAs and
SOA-MZIs. These multi-functional devices and modules present a large wavelength operating
range and a high nonlinear behavior. Moreover they have the advantage of small size and that

they can be integrated either monolithically or hybridically with other RF components [48, 49].

1.2 Thesis Contribution

The dissertation’s subject is focused on the SOA-MZI, an all-optical interferometric module,
used for the purpose of photonic sampling (Figure 1.8). This thesis aims at investigating and
showing the viability of the SOA-MZI module as a photonic sampler in place of the EOM and
MZM which are the most frequent choices, as previously discussed. In this manner, the additional
benefit of rendering the photonic sampler an all-optical module as opposed to an electro-optical
module is attained, thus circumventing the need for additional slow and high cost electro-optic
conversions.

The optical sampling clock utilized for this realisation is produced by an active MLL laser.
Two architectures are possible with the SOA-MZI photonic sampler, Switching and Modulation
architectures. The former architecture is well-established for the SOA-MZI module whereas
the latter is novel and is presented for the first time during this thesis work to the best of
our knowledge. Also, in this thesis unlike most of the related research, experimental results of
sampling in the time domain are extensively shown and analyzed. Furthermore, a post-distortion
linearization method is formulated theoretically and applied experimentally in the case of SOA-

MZI photonic sampler for the first time to the best of our knowledge.
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The SOA-MZI photonic sampler can eventually be incorporated as a module in more complex
systems. The SOA-MZI photonic sampler can be utilized to perform the process of sampling in
a photonic ADC scheme with either time-division as the one shown in Figure 1.3 or with time-
to-wavelength mapping as the one shown in Figure 1.4. Furthermore, the SOA-MZI photonic
sampler can be utilized as a frequency up- and down-converter from one frequency to multiple
frequencies in a complete RoF application alike to the one of Figure 1.5. In the aforementioned
applications, the proposed system enjoys the benefit of low temporal jitter, presented in detail
in 2.1.2.1, while converting the corresponding electro-optical systems to all-optical ones.

The proposed study has several objectives, detailed in the following chapters, however the

main ones are:

e Performance evaluation of the sampling process of SOA-MZI photonic sampler, followed

by a post-distortion linearization technique in order to optimize its operation.

e Performance evaluation of different architectures based on the SOA-MZI photonic sampler

on the application of up-conversion at theoretical and experimental level.

Sampling signal

Ma
f —
t
f

ifck * fdat

Signal to be sampled

Figure 1.8: Schematic diagram of the SOA-MZI photonic sampler

1.3 Thesis Organization

In chapter 2, the theory of optical sampling, i.e. the notions of sampling in general and optical
sampling in particular are discussed, as well as the fundamentals of the SOA-MZI module are
presented, i.e. the SOA and SOA-MZI model is formulated, the SOA-MZI principle of operation
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is demonstrated and finally, its most important characteristics are provided theoretically and
experimentally. In chapter 3, the SOA-MZI sampling process is demonstrated, employing two
possible architectures of the SOA-MZI photonic sampler, the Switching and the Modulation
architectures. The Switching and Modulation architectures are presented, and their advantages
and disadvantages are cited. Moreover, experimental results of sampling using the Modulation
architecture are presented in the time and frequency domains. Furthermore, a post-distortion
linearization technique is formulated theoretically and applied experimentally to improve the
performance of the sampler. In chapter 4, the Modulation and Switching architectures of the
SOA-MZI sampler are evaluated and compared for the application of frequency conversion at
theoretical and experimental level. Finally, in the Conclusion, the main outcomes of the disser-

tation are summarised and suggestions for future research work are concisely given.
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CHAPTER 2

FUNDAMENTALS OF SOA-MZI SAMPLER

In this chapter, the notions of sampling in general and optical sampling in particular are dis-
cussed in section 2.1. Subsequently, the background of ADCs and photonic mizers, which are
applications of the optical sampling, are presented in section 2.2. Thereafter, general informa-
tion on the SOA are provided concerning its structure and its non-linear effects, as well as the
model equations used in this thesis and its main characteristics are demonstrated in section 2.8.
Next, in section 2.4, the principle of operation of the SOA-MZI is explained, and then a de-
tailed derivation of the SOA-MZI equations is demonstrated, followed by the static and dynamic
characterizations of the SOA-MZI module, which are theoretically analyzed and experimentally

investigated.

2.1 Theory of Sampling

2.1.1 Introduction

Optical or electric signals are passed between devices, modules and users in order to send and
receive information, which might be video, audio, or some sort of encoded data. Aiming to
process these analog signals and either convert them to digital binary code or transmit them,
the first step is the sampling of these signals, which serves as the interface between the received
analog signals and the digital domain. Sampling is a process of transforming an analog signal
to a series of pulses. The amplitude of each pulse is representative of that of the input signal at
each sampling instant. In other words, sampling of a signal consists of taking the instantaneous
amplitude or power values of a signal at defined regular time intervals.

The sampling of an analog sinusoidal signal z(¢) is shown in Figure 2.1. Mathematically, in
order to get the sampled y(t) signal at the output of the sampler, the continuous signal z(t) is
multiplied by a periodic sequence of impulses or the Dirac comb function LLI7, (¢). The sampling
frequency or sampling rate is f.; and the temporal resolution of y(t) is equal to T, = flk y(t)

is given by the Equation:

y(t) = a(t)  Lg, (8) = x(t) - D 6(t — KTup) (2.1)
k
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The process of sampling in the frequency domain is shown in Figure 2.2. The signal to be

(t)
l/—\ x(t)
. Sampler

111111

Figure 2.1: Sampling of sinusoidal signal x(¢). The sampling process mathematically consists
of multiplying analog x(t) by Dirac comb, LLI7, (). The envelope of the sampled signal y(t),
denoted by the dashed black line, is the original signal x(t).

X(f) L 5 ()

/AR ]

-f fmaz f ek 2 for 3fa [

X(f) —

Ly, (f) —

Sampler  ——Y(f)

fw’;ax fck 2fck 3fck f

Figure 2.2: Sampling of signal X(f) in the frequency domain. Dirac comb, LLI; (f), in the fre-
quency domain. Through sampling, the frequency content of X(f) is copied around the equidis-
tant frequency components of Dirac comb in Y(f).

sampled, X (f), is a base-band signal with f,4, its highest frequency component. It should be

noted that the Fourier transform of a Dirac comb is a Dirac comb, and thus the form of the
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sampling signal is unchanged between the time and frequency domains. The process of sampling
of z(t) in the time domain results in the replication of X(f) in the frequency domain. More
precisely, the Fourier transform of the sampled signal, Y'(f), occurs from the replication of the
frequency content of the signal to be sampled, X (f), at the frequency components of Dirac

comb, LL1¢, (f), as shown in Figure 2.2.

An important question that arises concerning the sampling process is which is the minimum
sampling frequency that will allow for the accurate reconstruction of the analog signal X (f).
According to the Nyquist-Shannon sampling theorem, the minimum sampling frequency should
be double the highest frequency component, fi.qz, of the signal to be sampled, so that the
underlying information in X (f) will not be distorted. In other words, the sampling rate should
be such that we take at least two samples for every period of the maximum frequency component
of the signal to be sampled. Mathematically, the Nyquist-Shannon sampling theorem can be
expressed by:

fck‘ > 2fmam = fN (22)

where fx is the Nyquist frequency

There are three cases that characterize the sampling process depending on the relation
between fq. and for, shown in Figure 2.3. The first case where f.; > fn is named oversampling.
The second case where f. = fn is named Nyquist sampling. The third and final case where
fer < fn is named undersampling. In the case of undersampling of a base-band signal, the
undesired phenomenon of aliasing is expected which distorts the underlying information of signal
X (f) and makes its faithful reconstruction impossible. In Figure 2.3, the frequency ranges where

aliasing takes place are shaded.

Another characteristic value of the sampler is the input range of amplitudes, Aggmpier, Over

which the sampler functions efficiently.

2.1.2 Sampler performance limitation factors
2.1.2.1 Temporal jitter of sampling clock

Ideally, the sampling signal is a perfect Dirac comb where the pulses are instantaneous and
perfectly periodic. However, in reality, there is an uncertainty, A¢, on the sampling instant for
both electronic clocks and optical pulse clocks, which is an important limiting performance

factor, especially at high sampling frequencies.

A quantification of the error induced by the temporal jitter of the sampling clock to the

sampled signal is presented in the following.
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Y (f) Oversampling

AR A T

fmax | fck | 2f6k 3fck f

Y (f) Nyquist Sampling

fmlam fck‘ 2fckz 3fck f

Y (f) Undersampling and aliasing

N X[ X[\

fmax fck 2fck 3fck f

Figure 2.3: Examples of oversampling f.. > fn, Nyquist sampling f.. = fn, undersampling
fer < fn. Aliasing is expected in the shaded parts of the spectrum.

A time-domain sinusoidal signal to be sampled is given by:
x(t) = A - sin(wt) (2.3)

The introduction of the temporal jitter, At, leads to an error, Ax, in the value of the sampled
signal.
By differentiating Equation (2.3) and applying the temporal jitter At, the following expres-
sion is obtained:
Az = wA - cos(wt) - At (2.4)

Then, the maximum error due to the temporal jitter is:
ATy =21f - A- At (2.5)
Finally, the rms error is equal to:

A
AZyms = ——= 270 f + Abyms (2.6)

V2

An important observation to be noticed from Equation (2.6) is that the rms error is pro-

portional to the amplitude, the frequency of the signal to be sampled and the rms jitter of the
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sampling signal. Assuming that jitter is the only source of error, the Signal to Noise Ratio (SNR)
can be determined by the following Equation [1]:

SNR =20 logw (2/\/§> =20 lOgl(] <1> (27)

Trms 2 f - Aty

The lower temporal jitter of optical samplers compared to electronic samplers, stems from
the fact that the temporal jitter variance of the mode-locked laser (MLL) is proportional to its
pulses width, which can be as low as few femtoseconds, whereas the temporal jitter variance of
microwave oscillators is proportional to the period of the microwave signal, which is typically
equal to hundreds of picoseconds. Supposing that the mode/pulse energy and the cavity decay
times are similar, an MLL can easily achieve two orders of magnitude less timing jitter compared

to a microwave oscillator [2].

2.1.2.2 White Noise
2.1.2.2.1 Thermal Noise

Thermal noise, also known as Johnson noise, is generated by electrical resistors used in electronic
or opto-electronic communications. Thermal noise is a Gaussian process and its spectral density
is given by [3]:
o 4KT
Oth = R
where k is the Boltzmann’s constant, T' is the absolute temperature and Ry, is the load’s resis-
tance. The unit of o2, is [4%/Hz].

(2.8)

2.1.2.2.2 Shot noise

Shot noise describes the fluctuations of the number of photons in a photodiode or electrons in
a resistor due to the discrete or corpuscular nature of photons and electrons, respectively. Shot
noise poses a fundamental limit to the optical intensity noise as observed in many situations
such as the measurements with a photodiode. Shot noise is a Poisson process and its spectral
density can be expressed by [3]:

02 =2ql, = 2qrP; (2.9)

where ¢ is the elementary charge, I is the photo-current produced by the photodiode, r with
units [A/W] is the responsivity of the photodiode and represents its conversion efficiency and
P is the received optical power. The unit of o2 is [A?/Hz].

The spectral density of the thermal and shot noise are both independent of frequency, and

thus can be approximated together as white noise [4]. White noise follows a Gaussian distribution
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and the mean-square value of its current is given by:

Nyhite = 4kT - Reyy - % (2.10)

where R,y is effective equivalent resistance modeling the thermal and shot noise. The unit of
Nuynite is [V2].

2.1.2.3 Total Harmonic Distortion

Figures 2.1, 2.2 and 2.3 present ideal sampling cases, where there is not second or higher term
intermodulation products at the output of the sampler. However, in a real sampler, there is a
level of harmonic distortion depending on the operating conditions of the sampler, which causes a
distortion of the underling information and poses a limiting factor to its faithful reconstruction.
In Figure 2.4, an example of sampling with harmonic distortion is presented. The signal to
be sampled is a sinusoidal signal X (f) at frequency fgq:. The spectrum of the sampled signal
Y (f) is richer than in the ideal case and additionally to the desired replicas at ifex £+ fiat,
shown in blue color, unwanted replicas appear at if.p £ 2fg4q:, depicted in green colour and at
i fer £ 3 faat, llustrated in magenta color. In the case of even higher harmonic distortion, replicas
at i for = mfyer with m = 4, 5, 6,.. can appear, which will ultimately interfere with the desired
replicas at ifer + fqat, significantly and irreversibly distorting the sampled signal. In order to
quantify the harmonic distortion, the Total Harmonic Distortion (T"HD) in the full Nyquist
band (0, f.x/2) is defined as:

P2fdat + PSfdat + + Pnfdat
Pfdu,t

THDy5 = 101og (2.11)

where P, n=1,2,...,n is the sampled signal power at frequency n fgu:.

fdat’

2.2 Sampling Applications

2.2.1 ADC

The ADC is a key application in which a sampler is used. In Figure 2.5, the different steps
or phases that an analog signal passes inside an ADC are presented, in order to be converted
to a digital one. The first such phase is sampling in which the analog signal (Figure 2.5(a))
is converted to a discrete-time continuous amplitude signal (Figure 2.5(b)). The second phase
is quantization, which is performed by rounding the amplitude of the sampled signal to the
nearest discrete level while keeping it constant until the next sample (Figure 2.5(c)). Finally,
the quantized signal is converted to a digital signal (discrete-time, discrete-amplitude signal),

where each quantized sample is expressed in the form of an n-bit binary code (3-bits in Figure
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-f -faat faar  f Fer 2 fon 3fx f
Y(f)

X(f) —

W () — Sampler — Y (f) MT‘* ‘.JCC]\CTT”JiMM 3|ijTf .

Figure 2.4: Effect of harmonic distortion on the process of sampling. Replicas of the signal to
be sampled X (f) appear at frequencies i fop £ 2fgq: and i fop £ 3 fgae, filling the spectrum of the
sampled signal Y (f).

2.5(d)). An n-bit ADC has 2" quantization levels. In the general case, i.e., when the nature
and the distribution of the signal to be digitized (sinusoidal, triangular, any) are unknown, a
so-called uniform quantization law is used, where the quantization levels are equally spaced.
Another characteristic of the ADC is the resolution ), which signifies the amplitude interval

assigned in between two consecutive code levels, and it is defined as:

Aref
2n

Q= (2.12)

where A,.r is the full scale amplitude range or scale of ADC. Also, Q is equal to the Least
Significant Bit (LSB) amplitude. As an example, in Figure 2.5(d), @ = LSB = 22—‘3 = 5%, where
A is the amplitude of the sinusoidal signal to be sampled.

2.2.2 Sampling Mixers

Another critical application of a sampler is its employment as a frequency converter for both
up- and down-conversion.

2.2.2.1 Up-conversion with Nyquist sampling or oversampling

Using Nyquist sampling or oversampling, a signal is replicated around the multiples of the
repetition frequency f.;. This property of sampling can be exploited in order to up-convert a

signal from fgq to ifek £ faat- In Figure 2.6, the signal X (f) is sampled at a sampling rate
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Figure 2.5: The different steps of analog to digital conversion. (a) The analog input signal
(continuous-time, continuous-amplitude). (b) The sampled signal (discrete-time, continuous-
amplitude). (¢) The quantized signal (continuous-time, discrete-amplitude signal). (d) The dig-
ital output signal. Each quantized sample is converted to a 3 bit code, a discrete-time, discrete-
amplitude signal. The input signal is shown in dashed line in (b), (c¢) and (d) for comparison.
The discrete quantization levels are shown in dotted lines in (c¢) and (d).

fek, where fo. > fn, in accordance to the Nyquist-Shannon sampling theorem, intending to
avoid aliasing. The spectrum of the sampled intermediate frequency signal Y(f) after sampling
is shown in Figure 2.6. Finally, the replica around 3f.; + fqq: passes through, whereas the rest
of Y(f) frequency content is discarded by the filter. In Figure 2.6, the filter is supposed to be
ideal, so that its passband has the shape of a brickwall.

2.2.2.2 Down-conversion with band-pass sampling

In band-pass sampling, a signal in the radio frequencies (RF) is relocated to lower RF frequencies
or to an intermediate frequency or to the base-band.

The spectrum of a band-pass signal X (f), centered at RF frequency fgq; with a bandwidth
BW , defined between a minimum frequency f;, and a maximum frequency finqz, is depicted in
Figure 2.7. Signal X (f) is sampled at a sampling rate f.;, which is below the frequency content
of the band-pass signal. Moreover, the sampling rate is chosen so that the spectral replicas of
positive and negative bands just shift against each other but do not overlap. The spectrum of
the sampled band-pass signal, Y (f), is shown in Figure 2.7. Finally, the desired replica of the 1%
Nyquist zone passes through the filter, while the rest of Nyquist zones are discarded. In Figure
2.7, the filter is supposed ideal as in Figure 2.6.

In case of band-pass sampling, more relaxed constraints on the sampling rate than that of

the Nyquist-Shannon sampling theorem can be applied, which ensure equally that the underline
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Figure 2.6: Conceptual diagram of base-band sampling for the purpose of up-conversion. The
original base-band signal spectrum is X (f). The sampled signal spectrum is Y(f). BW is the
bandwidth of the band-pass signal. The band-pass filter allows only the replica around 3 fe; + faat
to pass, whereas it discards the rest of the frequency components of Y(f).

information in X (f) will not be distorted. According to the band-pass theory [5], the sampling

rate should be confined in the range of frequencies defined by:

2fmam < ka < 2fmm — 2fdat+BW < ka < 2fdat_BW (213)
n n—1 n n—1
where n is an integer which satisfies:
fmar:| {2fdat+BW:|
1<n<] 1<n<l],|————r 2.14
—"—Q[BW TSNS | T oW (2:14)
where I {%} is the quotient of Euclidean division %
A marginal case is when fp,., is an exact multiple of BW and n = ]E”—“W}”. In this case,
Equation (2.13) becomes:
2BW < fo, <2BW <= f.. = 2BW (2.15)

In a real system, this is a dangerous case because any imperfection or instability in the sampling

rate will be a cause of aliasing.
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Figure 2.7: Conceptual diagram of band-pass sampling for the purpose of down-conversion. The
original band-pass signal spectrum is X (f). The sampled signal spectrum is Y (f). BW is the
bandwidth of the band-pass signal. The filter lets only the first Nyquist zone of Y(f) to pass,
whereas it discards the higher order Nyquist zones.

2.2.2.3 Conversion Gain

A key parameter for the characterization of a mixer’s performance is the Conversion Gain (CG).
CG@ is defined as the ratio of desired output power level at if. F fiqt to the input power level
at fgqr. If CG is negative as it is the case for many passive mixers it is common to refer to

conversion loss instead of C'G.

2.3 SOA Background

An SOA is a type or category of optical amplifiers, and as such it can, under appropriate
operating conditions, amplify an incident light signal directly without the need to first convert
it into an electrical signal. An SOA is essentially a laser diode (LD) with no optical feedback
from its input and output ports, and hence is also referred to as a Traveling-Wave Amplifier

(TWA).
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2.3.1 Structure

A basic structure of an SOA is shown in Figure 2.8. Its main element is the active region of
semiconductor material, which provides optical gain when the amplifier is electrically pumped.
The device is driven by an electric current. Pumping is necessary to achieve the population
inversion and therefore the stimulated emission, which is the mechanism that conveys the gain.
However, due to the population inversion undesired spontaneous emission is also produced and
amplified, giving rise to the Amplified Spontaneous Emission (ASE) noise. An integrated wave-
guide is used to confine the signal wave to the active region. The laser effect is suppressed by an
anti-reflective treatment of the entry and exit facets. The reflectivity of the output facets must
be as low as possible in order to eliminate optical reflections and to induce a very low ripple of
the optical gain of the SOA.

Output
Signal

Current

--Output facet
InGaAs

Electrode n-InP blocking junction
n-InP
d‘L::::: ---- p-InP
A

1 :‘.
XTKZ Active Region Input ! Input facet
Y Signal w

Figure 2.8: Basic structure of a Semiconductor optical amplifier. L, d and w are the length,
thickness and width of the active area, respectively.

2.3.2 SOA non-linearities

Although SOAs were originally used to amplify optical signals to compensate for optical fiber
losses during transmission, to date they have been widely used in signal processing applications
such as optical switching, logic gates, wavelength conversion and frequency converters, exploiting
their non-linear properties based on Cross-Gain modulation (XGM), Cross-Phase modulation
(XPM) and Four-Wave Mixing (FWM) [6-8]. The saturated gain response of SOAs, which is in
the order of a few tens of picoseconds, allows operation at very high bit rates well beyond 100

Gb/s [9, 10]. For this reason, the use of SOAs in optical signal processing circuits in a purely

49



Part, Chapter 2 — Fundamentals of SOA-MZI sampler

photonic manner is a milestone technology on the road to the implementation of high-speed

optical networks [11].

2.3.2.1 Cross-Gain Modulation

One mechanism of interaction between two optical signals, one of high power (pump signal)
and one of low power (probe signal) at different wavelengths, entering simultaneously into an
SOA is due to the XGM effect. In this case, the pump signal modulates the carrier density and
ultimately the gain of the amplifier, imposing a corresponding modulation in the gain that the

probe signal experiences while traversing the SOA.

2.3.2.2 Cross-Phase Modulation

A second effect present when a pump signal and a probe signal enter into the active region of
an SOA is that the pump signal modulates the refractive index of the active region due to Kerr
effect. This modulation of the refractive index causes a non-linear phase shift in the parallel
probe signal passing simultaneously through the SOA. The modulation of the refractive index
and the modulation of the gain are interconnected via the linewidth enhancement factor or

Henry factor, ay, given by the following expression [12]:

One

4m N
Ogn

A ON

ag = — (2.16)
where \ is the wavelength of the probe signal, n is the effective refractive index of the SOA
active area, N is the carrier density and g, is the SOA net gain. In order to exploit the phase
variation due to XPM and convert it to an amplitude variation (PM-to-AM conversion), it is
necessary to use modules such as the SOA-MZI, placing individual SOAs in the interferometric

structure of the Mach-Zehder Interfererometer.

2.3.2.3 Four-Wave Mixing

FWM is a nonlinear process that occurs in an SOA when two optical signals, a pump signal
at optical frequency fpump and a probe signal at a lower optical frequency fyrope With same
polarization traverse an SOA. In such event, the carrier density and ultimately the gain of the
SOA is modulated by the frequency difference of the two signals, and finally a new third optical

signal at a optical frequency 2 fpump — fprobe is produced [13].
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2.3.3 SOA main characteristics
2.3.3.1 Gain

One of the most important characteristics of an SOA is its optical gain G which in dB is defined
by:

(2.17)

P — P
Gag =10 -log (‘MASE>

P;
where P,,; is the SOA output power, Pagg is the power of the ASE and P, is the SOA input
power Typical values for the SOA gain are up to 35 dB.

2.3.3.2 Amplification bandwidth

The amplification or gain bandwidth of an SOA is defined as the width of the wavelength range
where the optical gain is at most 3 dB below its maximum value. The amplification bandwidth
of an SOA is a very important factor as it specifies its operational wavelength range. Typical
values for the operational wavelength range are between 30 nm and 50 nm (or equivalently
between 3.75 THz and 6.2 THz) [13].

2.3.3.3 Polarization Sensitivity

SOA gain is also polarization sensitive, thus presenting a different gain coefficient between TE
and TM modes. However, polarization sensitivity can be mitigated using appropriate SOA con-
struction techniques such as square cross-section or strained quantum well material in the active
region to compensate the difference in the gain coefficients between TE and TM modes [14]. The
polarization sensitivity of the SOAs used in our design, quantified by the metric of Polarization
Dependant saturated Gain (PDG), is lower than 1 dB [15].

2.3.3.4 Noise

The noise of an optical amplifier is quantified in analogy with electric amplifiers by the noise

figure. The noise figure of an SOA is defined in linear units as:

SNR;,

nf - SNRout

(2.18)

where SN R;,, is signal to noise ratio at the SOA input and SN R,,; is the signal to noise ratio
at the SOA output. The SNR of the amplified signal is degraded due to ASE that adds noise to

the signal during the amplification process. The sources that contribute to the noise are [16]:
1. Signal-Shot beat noise

2. Signal and ASE shot noise
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3. Signal-ASE beat noise
4. ASE-ASE beat noise
5. Thermal noise

SNR;, and SN Ry,; in Equation (2.18) are calculated assuming that the input and output
powers of the amplifier are detected after narrow-band optical filtering by an ideal photo-detector
whose performance is limited by the shot noise exclusively. In this case, the noise sources that
need to be taken into account are the signal-ASE beat noise and the shot noise [14], and thus
the noise figure in the dB scale is defined as:

2PAsE 1 )

(2.19)
where v is the optical frequency of the signal, By is the resolution bandwidth of the measurement,
Pssg is the power of ASE noise at the SOA output.

The first term of parenthesis in Equation (2.19) is due to the Signal-ASE beat noise inside
the resolution bandwidth, whereas the second term is due to the shot noise. For typical gain
values the second term is neglected.

The ASE power at the amplifier’s output, Pasg, can be expressed as:
Pysg =ngphv - (G —1) - By (2.20)

where ng, is the spontaneous emission factor. Substituting Equation (2.20) in (2.19) under

normal conditions where G >> 1, we obtain:
NF =2ng, (2.21)

For an ideal amplifier ng, is equal to 1, whereas for practical amplifiers ng), is higher than 1.
Thus, the theoretical lower limit of NF' for SOAs is 3 dB [17]. Practical SOAs exhibit an NF
significantly higher than the theoretical limit due to their intrinsic internal loss, ASE and the
lower coupling efficiency at their input. Typical NF values of commercial SOAs are between 7
dB and 11 dB. The NF of an SOA depends on the operating wavelength, the operating current,

and the input power of the incoming signal.

2.3.3.5 Saturation Power

SOA gain is constant for low power of input signals. However, as the power of the input signal
increases, the SOA gain decreases as the carrier density in the active region gets depleted. The
saturation power at the output, Psg out, is defined as the amplifier output power at which the

amplifier gain is half the unsaturated gain in linear units, or 3 dB lower in dB units. A typical
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gain characteristic as a function of the output power, as well as the Pyut oyt are shown in Figure

2.9. Using Psat out the saturation power, Psq, can be calculated from the expression [18]:

Psat,out =1In2- Psat (222)

Gain (dB)

Psat,out I R
SOA Output Power (dBm)

Figure 2.9: Gain Saturation

Typical values for SOA saturation powers are up to 10 dBm, however mode-adapted SOAs

have been reported having saturation powers up to 17.4 dBm [19].

2.3.4 SOA modeling

This subsection is devoted to the SOA model and its equations permitting to quantify the effect

of SOA non-linearities on the phase and on the amplitude of a signal traversing through an SOA.

The SOA model that we use is well known and is based on a two-level system approach with
the rate-equation approximation [18]. In this model, the carrier density rate in the case of S

input signals is described by:

= Ry — R(N(t)) = Y _Rs(N(t)) (2.23)

where R, is the carrier density rate supplied by the electric current which drives the SOA, Rg
is the recombination rate due to the amplification of the S** input signal at wavelength \g. R
is the sum of the non-radiative R, and the recombination rate due to the ASE, Rysp(N). Rp

is given by:

(2.24)

where Igp4 is the SOA bias current, ¢ is the elementary electron charge and V' is the volume of
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the SOA active region. R is given by:

N

R(N) = Rr(N) + Rasp(N) = - Iy

(2.25)

where 7,77 is the SOA effective carrier lifetime derived from 7,,, which is related to R,,, and

TAsE, which is related to Rasg, employing the Equation [20]:

1 1 1
- 4 (2.26)
Teff Tnr TASE
Finally, Rg is given by:
Ps-As I N) G(N)-1
Ro(N) = LisAs L gm(N)  G(N) (2.27)

he gn(N) \%

where P; g is the input power of the Sth signal, \g is the wavelength of St signal, T' is the
optical confinement factor. g,, is the SOA material gain. We should note that we develop the
SOA model on the assumption that the wavelengths Ag of the S input signals are close enough
(which is the case experimentally) that the SOA optical confinement factor, I', material gain,
Jn, net gain, g, and gain, G, are approximately constant in this wavelength range. The SOA

material gain is given by the following Equation:
gm(N) = a(N — No) (2.28)

where « is the peak-gain coefficient and Ny is the carrier density at transparency. The SOA net
gain is defined as:
G0 (N) =T - gua(N) = it (2.29)

where a;y,; is the internal losses, of the SOA.

The optical gain of the SOA is given with respect to carrier density by the following Equation
[21]:
G(N(t)) = eIn(N()L _ JTa(N(t)—=No)L—ctins L (2.30)

The phase shift of the optical signal induced by an SOA with respect to the carrier density
is given by [22]:

il [Ca (N(t) — No) L — i L] (2.31)
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2.4 SOA-MZI Basics

The most attractive example of a module exploiting the XPM phenomenon is the SOA-MZI,
which converts the signal phase change into a power amplitude change based on the input
condition of two optical signals traveling on different optical paths. Optical circuits based on
Mach-Zehnder symmetric arrays and bearing in both arms semiconductor optical amplifiers
(SOA-MZIs) have been used to date in a number of signal processing applications [23]. The
most important advantages are the small amount of energy required to control the switching
state of the switch and the ability to integrate into complex optical circuits with a large number

of passive and active optical elements in the same chip, as well as their small size [24].

2.4.1 Principle of operation

The schematic diagram of a SOA-MZI, which corresponds to the module of CIP technologies
with model name 40G-2R2-ORP [25] that is used in the experimental part of the thesis, is shown
in Figure 2.10. Throughout the dissertation, the names of the SOA-MZI ports used are identical
to the ones in the documentation of the device. The SOA-MZI is an optically controlled module
which consists of a symmetrical architecture, where two SOAs are placed on each of the arms
formed by 3 dB couplers C2, C3 and C4. In the general case, copies of the control signals A and
D are introduced to the upper and lower arms of the SOA-MZI from the homonymous input
ports through couplers C2 and C3, respectively. At the same time, another signal named C enters
the module through input port C and is separated by the 3 dB coupler C1, to a pair of equal
components, which travel independently along the SOA in their path. The following analysis is
for signal C, however the analysis is identical for signal B entering from port B. Control signals
A and D alter the nonlinear optical properties of the corresponding SOA and cause, through
XPM, a phase difference between the split copies of signal C. Finally, the coupler C4 translates
this phase difference of the split copies into changes in amplitude at the outputs I and J of
the module. Thus the instantaneous power of control signals A and B define the fraction of the

amplified input signal C that exits from I and J output ports.

2.4.2 SOA-MZI Model and Equations

The mathematical derivation of SOA-MZI powers at the outputs port I and J is given aiming
at better understanding its principle of operation. Also, the final equations will be used in the
following chapters.

This derivation starts with the electric field of the signals at the input ports B and C described
by the relations Ej, p(t) = Eg(t)e /“B! and Ej;p o(t) = Ec(t)e /¢!, where Ep and E( is the
amplitude of the electric field at port B and C, respectively. After passing through the 3 dB

input coupler, two copies emerge for every input electric field with equal amplitudes while a
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Figure 2.10: Detailed schematic diagram of the SOA-MZI module.

phase shift equal to § is introduced to the crossover output port component of the coupler, i.e.,
to the lower coupler component due to Ej, g and to the upper coupler component due to E;, ¢.
Thus:

1 .
Ep(t) = —=Epg(t)e «Bt 4

1 . T
7% —Eq(t)e i wott3) (2.32)

V2

1 . x 1 )
= =Ep(t)e @Bt 3) 4 —Fo(t)edwet 2.33
NG B(t) 7 o(t) (2.33)

Continuing our mathematical derivation of SOA-MZI model equations, the electric field of
the signals at the input ports A and D are described by the relations Ej, 4(t) = Ea(t)e Iwat
and Ej, p(t) = Ep(t)e /P! where E4 and Ep is the amplitude of the electric field at port A

Ep(t)

and D, respectively.

Couplers C2 and C3 in the upper arm and in the lower arm of the SOA-MZI, respectively,
are essentially two 2X2 couplers in which one output port is disabled. More specifically, the
upper port is disabled in coupler C2 and the lower port in coupler C3. Thus, following the same

analysis as for couplers C2 and C3, the electric fields Fg and Fy can be derived:

1 1

Eq(t) = EEE(t) + ﬁEm,A(t)e_jg
1 . 1 . x 1 ) -
= §EB(t)e*JwBt + §Eo(t)eﬂ<wct+a> + EEA(t)e*WAHa) (2.34)
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1

1 7
EH(t) = EF(t) + 7Em,D(t)€_J5

V2 V2
1 U | i 1 ot
= §EB(t)e’(7‘”Bt+5) + 5 Ec(t)e™ oty EED@)@ (Gwpt+3) (2.35)

FEq and Ep are the electric fields of the signals introduced into the upper and the lower SOA-
MZI arms. Initially, static phase shifts, ¢g1 and ¢g2, by two phase shifters are applied to electric
fields Fg and Ep, respectively, in order to properly adjust the phase relations between the two
SOA-MZI arms and compensate for asymmetries in the couplers or between the two SOAs. Then,
the phase shifted electric fields Fg and Epr enter into SOA1 and SOA2, respectively. Due to the
non-linear phenomena of XGM and of XPM in the SOAs, in addition to the amplification v/G1
and /G, the electric fields undergo a phase shift, ®; and ®3, respectively. Thus the electric
fields Fx and Ep, directly at the output of SOA1 and of SOA2 are:

Eg(t) = V/Gre 10000 (1)

_ \/GilEB(t)efj(wBtJrin(t)er)m) + @EC(t)e*j(wct+%+<b1(t)+¢01) (2.36)
92 2
Er(t) = /Gae I (@2(0F602) gy (1)
_ @EB(t)e_j(wBt+g+cp2(t)+¢02) + @Ec(t)e—j(wct-i-qm(t)-i-tﬁoz) (2,37)
2 2

Vv G2 —(j us
+ Y2 FEr(t (]th+2 +P2(t)+po2)
/2 p(t)e

Finally, the signals with electric fields Ex and Ep, are divided in equal parts and recombined
by the SOA-MZI output coupler C4 giving the following expressions for the output SOA-MZI
electric fields at ports I and J, respectively:

Ei(t) = %EK(t) + %EL@)@—J’S (2.38)
Ey(t) = \}iEK(t)e_jg + \}iEL(t) (2.39)

Using the expression of Equation (2.36) for Fx and of Equation (2.37) for Er, the expression
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for E; becomes:

Er(t) = VGl EB(t)e*j(wBt+<1>1(t)+¢01) _ v Gy EB(t)efj(wBt+<I>2(t)+¢02)

22 2V2
Gl —q jus A% G2 i o
\% B (t)e I wott5+21(t)+do1) Er(t)e i (wott5P2(t)+do2)
+ 2\/§ C( )6 2 + 2\/§ C( )6 2
+ Y 2G1 By (t)e” Gwatt5+®i(B)+dor) _ V 2G? Ep(t)e~Gwntt®2(t)+002) (9 40)

Similarly, using the expression of Equation (2.36) for Ex and of Equation (2.37) for Ef, the
expression for E; becomes:

E;(t) = VG EB(t)e—j(w3t+g+q>1(t)+¢m) _ VG EB(t)e—j(w3t+g+q>2(t)+¢oz)

2v2 2V2
Gy . Go .
_ En(t)e i (wott®1(t)+do1) 4 EA(t)e I (wottPa(t)+do2)
L Eclt)e 2 Be(t)e
VG1

+ _ EA(t)ef(ijt+‘P1(t)+¢01) _ 7V2G2ED (t>e*(ijt+%+‘1>2(t)+¢02) (2.41)

2

In the experimental part of this thesis, there is no signal at ports B and D, so that Fp and

Ep are equal to zero. In this case, the expressions for £} and for E; become:

VG . x VGo . x
E(t) = En(t)e I (wott5+@1(t)+do1) + Er(t)e i wot+5+P2(t)+do2)
1(t) e c(t)e o c(t)e

N \/QGTEA(t)ej(w“‘Hngq)l(tH%l) (2.42)

VG s VG .
E(t) = — E(#)e I wet+®1(t)+do1) (1) eI (wot+®2(t)+¢o2)
J( ) 2\/§ C( )6 2\/§ C( )6

VG
2

Ey4 (t)e*j(wAtJr‘l’l (t)+¢o1) (2.43)

As the signals at ports A and C are at wavelengths A4 and Ag, respectively, in I and J
output ports of SOA-MZI signals at these different wavelengths are present. The output signal
at wavelength A4 is the amplified and phase shifted version of the input signal at port A. The
output signal at wavelength ¢ is the real product of SOA-MZI interferometric module. As

a result, in order to filter out the output signal at A4, an optical filter will be used in the
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experimental part. The electric fields £y and E; at A4 are given by:

E;(t) = v 2Gl EA(t)e—j(wAt+§+(I>1(t)+¢o1) (2.44)
Es(t) = — V2Gl Ea(t)e I @atr®i(®)+do1) (2.45)

The electric fields £ and E; at A¢ are given by:

VG . x v Go s x
Er(t) = EA(t)e I wot+5+@1(t)+do1)) + E (1) e I wott5+P2(t)+d02)) 2.46
[( ) 2\/5 C( )6 2\/5 C( )6 ( )
VG i VGo i
E(t) = — E~(t J(wet+@1(t)+¢o1)) E~(t J(wet+@2(t)+¢o2)) 2.47
J( ) 2\/5 C( )6 + 2\/5 C( )6 ( )

Since the relation between the power and the amplitude of electric field is P(t) = E(t) - E*(t),
where the amplitude of the electric field E is normalized [18], the power at output ports I and
J of SOA-MZI is given by Equation (2.48) and (2.49), respectively:

Pit) = épc(t) [Gl(t) + Galt) + 24/Cr (D)o (t) cos(A(I)(t))} (2.48)
Py(t) = éPg(t) [Gl(t) + Ga(t) — 20/C1 ()G (D) cos(ACD(t))} (2.49)

where A®(t) = o1 — Po2 + P1(t) — Pa2(t) = A + P1(t) — Pa(t) is the phase difference created
both due to the SOAs nonlinearities, and due to the relative static phase shift between the copies

of the input signal at port C, traveling on the upper and the lower arm of the SOA-MZI.

2.4.3 Static characterization of SOA-MZI switch
2.4.3.1 Theoretical static characteristic

Two states are possible for the SOA-MZI when it is used as a switch, and the phases of the
SOA-MZI arms are properly adjusted by ¢g1 and ¢go phase shifters. These states are named
cross and bar state. Ideally, in the case of cross state, where there is no control signal A, the
signal C is amplified and exits from SOA-MZI port I while Py = 0. Also, in the case of bar state,
where there is a control signal A of suitable power such that it induces a nonlinear phase shift
of m in SOAI1, the signal C is amplified and exits from SOA-MZI port J while P; = 0. In this
framework, and for a static configuration, where Po(t) = Pc and Pa(t) = P4, we are going to
express the Equations (2.48) and (2.49) for the bar and cross states. In the case of the bar state,
P, = 0, the phase difference A® = 0 and the gain in the two SOAs is the same and equal to
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the unsaturated value of gain, Gy. Thus, the Equations (2.48) and (2.49) are transformed into:

1 1 —
Priar = 5Pc |G+ Go +2v/GoGo| = 5GoPe (2.50)
1—
Prpar = gPc [Go + Go — 2\/@} =0 (2.51)

In the case of the cross state, the control signal P4 is non zero, A® = 7 and the gain of the
two SOAs are different due to the saturation of SOA1 by P4, meaning that G < Gg. Thus, the
Equations (2.48) and (2.49) are transformed into:

1— [= — 1— G1 G1
Preross = P -2 = —Pc - 14+ =— — %/ =—
i 3 C{Gl‘FGO GIGO} glc Go +G0 o
= 2
15 1
= —Pc -G — -1 2.52
shoGo (2.52)
1— - — 1= Gy /él
Pjeross = =P 2 =—-P¢o- 1+ —/—+24/—
7, 3 c[Gl-i-Go-i- GlGo] g c - Go +GO+ Go
= 2
15 1
= —Pc- — +1 2.
gfc Go G0+ (2.53)

A deviation from the ideal behavior of a switch can be observer as Py, is not equal to
zero, and thus Pj . oss 7# Prpar- The symmetric operation of the SOA-MZI switch is disrupted.
Another deviation from the ideal which is not shown explicitly in this analysis is the fact that at
SOA-MZI output port I and J, there is an amount of Pasg produced by the SOAs. As a result,
in practical applications P, can not be zero as well. An important metric in the static regime,
in order to quantify the quality of the switching operation in an SOA-MZI, is the Extinction
Ratio (ER), which for port J and I is given, respectively, by:

(2.54)

P P 8P
ER;(dB)=10-log (‘WASE> =10 log ASE

PJ,cross PC . GO { % N 1} 2
0
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2
+8PaskE

Pc-Go | —1
PI’CTOSS+PASE>:10~ZOQ ¢ 0|: Go (255)

ER;(dB) =10-log ( 1GoDe
0

PI,bar

In the above ER Equations, the ASE noise is omitted for Pj..,ss and for Py p,,, as it is negligible
in comparison to them, whereas it has been added for Pj,. and for Py ...ss because it is

comparable to them.

2.4.3.2 Experimental static characteristic

A static characterization experimental setup shown in Figure 2.11 is employed in order to mea-
sure the ER of the SOA-MZI module (CIP 40G-2R2-ORP). A CW tunable laser source is

Aa =1550 nm

)\A |5 SOA-MZI Pa = variable
\ Ac=1557.4nm

32\ A_A G0, FE =-15dBm

G, ®,

Isoa1 = lsoaz = 360 MA
OBPF is tuned at A¢

Figure 2.11: Experimental setup for the static characteristic of the SOA-MZI. Att: Attenuator.
PC: Polarization Controller. OBPF: Optical Band-Pass Filter. PM: Optical Power Meter.

configured to emit at wavelength Ao = 1557.4 nm and subsequently its optical mean power is
adjusted by attenuator Att2 so that we have Po(t) = Pc = —15 dBm at input C. The SOA
currents are symmetric and Ispa1 = Isoa2 = 360 mA. The phase-shifters ¢g; and ¢g2 in the
two arms of the SOA-MZI and the polarization controller (PC) placed in the path of port C
are adjusted so that the optical power at output port J is minimum when there is no power at
input port A. After the aforementioned adjustments, the additional modification of the Isoa2
value does not provide any further decrease of the minimum, and thus the SOA currents are
kept symmetric.

Another CW tunable laser source is configured to emit at wavelength A4 = 1550 nm and
subsequently its optical mean power is adjusted by attenuator Attl so that we can sweep Py(t)
= P4 in the range from -40 dBm to +10 dBm.
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At the SOA-MZI outputs I and J, an OBPF is used to filter out the signal around Ag4.
Finally, the powers at ports I and J are measured utilizing a Power Meter (PM). The results
of this static characterization are depicted in Figure 2.12. The powers of port I and J in Figure
2.12 correspond to P;(t) = Pr and P;(t) =P, directly at the output of the SOA-MZI, as we
have taken into account the losses of OBPF to the PM results.

As discussed in subsection 2.4.3 and specifically from Equations (2.55) and (2.54), it becomes
clear that ER; and E Ry have different values. Indeed, in the specific example of Figure 2.12,
ER; and ER; the difference is almost 10 dB.

£ T
5 5 P,
g Vool N
z 0 ER=9.73dB T
o .'.. oo’
£ 5 R e
s J
3 -10 ER;=19.3 dB
S
2 15 L
< L
(@] L = sy S P
% .20

-40 -30 -20 -10 0 10

Figure 2.12: Static characteristic and extinction ratio of both output ports of the SOA-MZI.

2.4.4 Dynamic characterization of SOA-MZI switch
2.4.4.1 Theoretical dynamic characteristic

An important parameter that determines the SOA-MZI behavior in general and as a sampler
in particular is its 3 dB XPM bandwidth. The XPM bandwidth is a dynamic characteristic of
the SOA-MZI that can be measured when Pg is a static or Continuous Wave (CW) optical
power, whereas P4 is a CW superimposed by a sinusoidal signal, whose frequency is swept into
a range of frequencies and the transfer function as a function of the frequency is obtained. The
3 dB XPM bandwidth defines the frequency range of signals entering from port A for which the
SOA-MZI performance is optimum.

A rigorous theoretical analysis based in a SOA-MZI small-signal model has been presented
in [22, 26]. The conversion efficiency at the output J of the SOA-MZI, 7, is defined as the ratio
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Table 2.1: Parameters used in the analysis

Parameter Value Units
Qint Qint < Tgm [22, 26] || em™!
o 4
L 1.5 mm
T'gmL 1-9 [22, 26]
Teff 25 and 50 [22] ps
%;f 4 [22]
oo ¢o ~ 0 [22, 26] rad

of the output power variation at port J, dps, to the input power variation at control port A,
dpa, given by [22, 26]:

+ Lgm .
Ts (1/Teff +.7w)

n(w) = j;fjl — 1 - cos(¢o)]

—I'gmL
[eT‘g(l/Teff+jw) o 1

r -1 —TgmL
[(Fgm - aint) - gm 1 : GTS(I/chf-’_jw) (2.56)

Ts (1/Teff +jw)

where 7.r is the effective carrier lifetime, 7, is the stimulated carrier recombination time and

is the bandwidth enhancement factor given by:
ag - sin(do)

== - 2.57

T cos(¢o) (257)

In this small-signal analysis, despite the fact that the SOA-MZI frequency response does

not take into account the ASE, it could be taken into account by adding an additional carrier

recovery time constant 7; AsEg.
The conversion efficiency in dB, normalized with respect to the efficiency at a frequency

equal to zero, is given by:

Nnorm = 20 - log (77((%)))) (2.58)

It should be noted that in Equation (2.58) the logarithm coefficient for the normalized frequency
is 20 as it is calculated in the electronic domain after photodetection, whereas in [22], the
logarithm coefficient is 10 as it is calculated in the optical domain.

Figures 2.13 and 2.14 depict the normalized conversion efficiency as a function of the fre-
quency for different total gain factors (I'g,, L) and for effective carrier lifetimes, 7.r¢, equal to

25 ps and to 50 ps, respectively, assuming that 7,/7.¢s = 4. ans is considered insignificant com-
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Table 2.2: Correspondence between I'g,, L and SOA Gain using Equation (2.59)

LgnL | SOA Gain (dB)
1 4
3 13
5 21.7
7 30.4
9 39.1

Table 2.3: XPM Bandwidth

Teff (Ps) || TgmL | XPM Bandwidth (GHz)
25 1 5.9
» 3 10.7
» ) 20.6
» 7 20.5
» 9 21.5
50 1 2.9
» 3 5.4
» 5 10.2
» 7 10.1
» 9 10.8

pared to I'g,, for simplicity reasons. All values are the same as the ones used in [22] except for
ap where a lower and more common value is used (4 compared to 6) and for L where a higher
value is used (1.5 mm to 1 mm), typical for long SOA devices as the ones used experimentally.
All parameters used in this calculation are shown in Table 2.1.

Assuming that ay,+ < gy, an approximation of the SOA Gain, Gg4p, can be given for a
known value of I'g,, L using Equation (2.30):

Gip = 10log (e(Fg'"—amt)L) ~ 10log (ngmL) (2.59)

The correspondence between I'g,, L and G4p values is shown in Table 2.2.

The 3 dB XPM bandwidth is defined as the width of the frequency range where the conversion
efficiency is at most 3 dB below its maximum value.

The frequency response of the conversion efficiency in Figure 2.13 has the shape of a first

order low pass filter for I'g,,L = 1, 3 and 5, whereas a resonant overshooting appears roughly
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teff = 25 ps

15 morg,L=1
-20 —0-T'g,L =3

—0-Tg,L =5

-25 gL =17

230 —+—TgnL =9
0.1 1 10 100

Frequency (GHz)

Figure 2.13: Normalized frequency response of the SOA-MZI for effective carrier lifetime 7.y =
25 ps with different total gain factors.

10
5 teff =50 ps
0
—~ -5
m
Z -10
£ .15
S 99 @ TgnL=1
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-30 TgnL=17
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Frequency (GHz)

Figure 2.14: Normalized frequency response of the SOA-MZI for effective carrier lifetime 7.y =
50 ps with different total gain factors.

around 10 GHz for I'g,, L. = 7 and 9. The frequency response of the conversion efficiency in
Figure 2.14 has once more a first order low pass filter behavior for I'g,, L. = 1, 3 and 5, whereas a
resonant overshooting appears roughly around 6 GHz for I'g,,, L = 7 and 9. Comparing Figures

2.13 and 2.14, it can be observed that an increase of 7.7 from 25 ps to 50 ps while preserving
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the ratio 7,/7. s = 4, causes the resonant overshooting to be displaced 4 GHz towards the lower
frequencies.

Table 2.3 shows the 3 dB XPM bandwidth for all cases of Figures 2.13 and 2.14. It can be
observed that the 3 dB bandwidth is lower for 7. = 50 ps than for 7.¢; = 25 ps for the same
gain factor. Moreover, another point is that for the same 7.7, the increase of the gain factor,
I'gn L, causes an increase of the 3 dB bandwidth, except for the case between the I'g,,. = 5
and I'g,, L = 7, where the 3 dB bandwidth decreases by 0.1 dB.

According to the above analysis, it is concluded that the combination of the two key pa-
rameters I'g,, L and 7.y, determines the XPM bandwidth of the SOA-MZI module, which is of
great importance for the performance of the SOA-MZI photonic sampler. SOA-MZI modules
which employ SOAs with high I'g,,, L and low 7.y, values will have a very high XPM SOA-MZI
bandwidth and permit either a very high sampling rate or a very high bandwidth of the signal
to be sampled depending on the architecture employed. The two architectures of the SOA-MZI

photonic sampler are presented in chapter 3.

2.4.4.2 Experimental dynamic characteristic

A pump-probe configuration, shown in Figure 2.15, is used to measure the XPM bandwidth for
different average optical powers and wavelengths launched at the SOA-MZI inputs.

~—-- Optical signals

—— Electrical signals

SOA-MZI
Gl,q)l

Ac
SNzt OBPF

R

AN

L VNA
G, 0, AN
AMP1
OBPF is tuned at A¢

Figure 2.15: Pump-probe experimental setup for the XPM bandwidth measurement. RF: Ra-
dio Frequency generator. MZM: Mach-Zehnder Modulator. VNA: Anritsu MS2026C Network
Analyzer. AMP: Electrical Amplifier. ESA: Electrical Spectrum Analyzer.
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The generation and adjustment of the signal at input C is performed in the same way as for
the static characteristic in 2.4.3.2. A CW tunable laser source is configured to emit at wavelength
¢ and subsequently its optical mean power is adjusted by attenuator Att2 so that we have P
at input C. Moreover, the phase-shifters ¢g; and ¢p2 in the two arms of the SOA-MZI and the
polarization controller (PC2) placed in the path of port C are adjusted, so that the optical power
at output port J is minimum when there is no power at input port A.

Another CW tunable laser source is configured to emit at wavelength A¢ and subsequently
its optical mean power is adjusted by attenuator Attl so that we have P4 at input A.

The parameter combinations of Mg, Ao, P4 and P¢ measured, are given in Table 2.4.

The results of Figure 2.16 and the results for the rest of wavelength and power combinations
of Table 2.4 are obtained by a slightly different experimental setup. For the results of Figure
2.16, the optical power P, is intensity modulated by iXblue MXAN-LN-40 MZM, which is driven
by Anritsu MS2026C VNA through the iXblue DR-AN-40-MO MZM driver module. The MZM
is biased in the quadrature point with V4,5 = 3 V. The MZM driver module provides 26 dB
gain at the RF input of MZM. At the SOA-MZI J output, Pj is optically filtered in order to
discard the optical carrier at 4. Afterwards, the optically filtered output enters the calibrated
photodiode Anritsu MN4665B and subsequently is directed to the electrical port of Anritsu
MS2026C VNA. For the results of the rest of wavelength and power combinations of Table 2.4,
the optical power P4 is intensity modulated by the MZM, which is driven by an RF generator
through the driver module. The electrical power at the output of the RF generator is adjusted
at -25 dBm for all measured frequencies. At the SOA-MZI J output, Py is optically filtered in
order to discard the optical carrier A 4. Afterwards, the optically filtered output is converted to
the electrical domain by a photodiode, amplified and measured by an ESA. The experimental
measurements were fitted to a first order low-pass filter curve to calculate the 3 dB electrical
bandwidth given in Table 2.4.

The form of the experimental result obtained in Figure 2.16 does not present any resonant
overshooting and, as such, is qualitatively in the same category with cases I'g,, L = 1, 3 and 5
in Figure 2.13 and in Figure 2.14, in which cases no resonant overshooting appears as well.

The significance of the results cited in this Table 2.4 and depicted in Figure 2.16 is that
they allow to specify the range of variation of the bandwidth of the XPM phenomenon, which
is exploited in the considered SOA-MZI module and hence is critical for their operation and
performance. Since there is no significant benefit in choosing a high power, lower average powers

can be chosen for the two inputs so as to minimize the power supply requirements.
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Table 2.4: XPM frequency conversion response of CIP 40G-2R2-ORP for different operating
points.

Aa (nm) || A\c (nm) | P4 (dBm) || P¢ (dBm) | XPM Bandwidth (GHz)
1550 1557 0 0 5.6 [Figure 2.16]
» » -15 0 5.6
» » 0 -18 5.9
» » -15 -18 )
0
2 .
52 |
55 |
g g 12 ;
g E, 18 :
& f:=56GHZ —p |
= -24 ' ‘
0.1 1 10 100
Frequency (GHz)

Figure 2.16: SOA-MZI XPM normalized frequency response. The normalized transmission is
defined as the electrical power of the signal at the SOA-MZI output normalized to the electrical
power at 0.1 GHz.

2.5 Conclusion

General information and important parameters about optical sampling in general were specified.
In addition, the principle of operation of more advanced systems were explained in detail, where
the photonic sampler can be used as a building block, such as the ADC and the photonic sampler
mixers. Moreover, essential information and critical parameters of the SOA are identified. The
phenomena of the SOA are concisely presented with XPM being the non-linear phenomenon
exploited by the SOA-MZI module. Furthermore, the model of the SOA-MZI were demonstrated,
which is used in the following chapters. Last but not least, a theoretical performance analysis of
the static and dynamic characteristics of the SOA-MZI in general, as well as the experimental
static and dynamic characteristics of the SOA-MZI used in this thesis were illustrated. In the
theoretical analysis, the metric of ER was evaluated and found equal to 19.3 dB and 9.73 dB at
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SOA-MZI ports J and I, respectively. Moreover, the XPM bandwidth of the SOA-MZI module
was evaluated for different wavelength and power combinations and found between 5-5.9 GHz

for all the cases examined.
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CHAPTER 3

EXPERIMENTAL CHARACTERIZATION OF
THE SEMICONDUCTOR OPTICAL
AMPLIFIER MACH-ZEHNDER
INTERFEROMETER (SOA-MZI)
PHOTONIC SAMPLER

In this chapter, the sampling process with the use of the SOA-MZI photonic sampler is investi-
gated. In this context, the two possible architectures of Switching and Modulation are presented in
section 3.1. In section 3.2, experimental results in the quasi-static regime, sampling Continuous
Wave (CW) signals, and in dynamic regime, sampling sinusoidal signals, and the accompany-
ing setups are provided. Moreover, the need of a linearization method in order to improve the
linearity of sampling process is made apparent. Subsequently, in section 3.3, a post-distortion
linearization method is demonstrated in order to enhance the performance of the SOA-MZI sam-
pler. Finally, section 3.4 contains the conclusions reached in this chapter. Extended parts of the
content of this chapter are an adapted version of a publication, produced during this thesis work,

in the open-access journal Optics Express [1] 1.

3.1 SOA-MZI sampling process

Two possible architectures of the SOA-MZI photonic sampler are possible, namely the Switching
and the Modulation architectures depending on which input port the sampling MLL signal and
the signal to be sampled are injected in the SOA-MZI. This seemingly insignificant modification
alters significantly the behavior of SOA-MZI sampler and each one presents different advantages
and disadvantages.

The Modulation architecture of SOA-MZI photonic sampler was proposed and investigated

1. The publisher of Optics Express, Optica Publishing Group, does not endorse in any way this derivative
version of the article.
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both theoretically and experimentally during the present thesis work [1-6] while the Switching

architecture is well established from previous research [7-10].

3.1.1 Switching and Modulation architectures

In this subsection the principle of operation of both architectures is presented in detail. We inject
two signals at the SOA-MZI input: the sampling pulse train signal, which consists of ultra-short
continuous (clock) pulses with repetition rate f.x, and the signal to be sampled, which consists

of a sinusoidal signal at frequency fg,+ superimposed on a CW signal.

3.1.1.1 Switching Architecture

Figure 3.1 illustrates the Switching architecture, in which the signal to be sampled is switched
on and off by the sampling pulse train as follows. The SOA-MZI module in this case acts as a
switch, hence the name Switching is given to this specific architecture. The signal to be sampled
is divided at the SOA-MZI middle input port into two identical copies by a 3 dB optical coupler.
At time instants at which no sampling pulse is present, the signal to be sampled is amplified by
the two SOAs and exits from the upper output port. At time instants at which a sampling pulse
is present, a non-linear phase shift is induced in the upper copy of the input signal due to XPM
phenomenon and a portion of the signal to be sampled appears amplified at lower output port,
thus resulting in the sampling of the sinusoidal signal. Provided that the peak power of the pulses
causes a differential phase shift of m, the entire signal to be sampled emerges amplified at the
lower output port. As we can see from the power spectrum of the sampled signal obtained after

optical filtering centered at Ao, the frequency content of the signal to be sampled is replicated
from fdat to fcki + fd(ztv where fcki = Z.fcku i€ N.
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Sampling
pulse train

‘ﬂ SOA-MZI Sampled signal

Figure 3.1: SOA-MZI Switching architecture. Reproduced from [6] (© 2020 IEEE).

Switching architecture has the disadvantage of degradation of the sampling process as the
repetition rate of the pulse train, f.;, increases due to the limited SOA carrier lifetime, which
is reflected to the XPM bandwidth of a few GHz in 2.4.4.2. The degradation of the pulse train
signal due to the limited carrier lifetime for the Switching architecture is demonstrated in Figure
3.2. In Figure 3.2 (a), the input signals P4(t) and Pc(t) are illustrated. The pulse train is injected
into SOA1, whereas only a CW signal is fed into SOA2. In Figure 3.2 (b), the temporal evolution
of SOA1 and SOA2 gains, G1(t) and Go(t), respectively, is depicted. In presence of a pulse, a
rapid gain reduction and thus gain saturation is observed in SOA1, whereas in the time period
between the pulses, the gain of SOA1 recovers slowly. In Figure 3.2 (¢), the temporal evolution
of the SOA1 and SOA2 phases, ®1(t) and ®2(t), respectively, is shown and finally, in Figure 3.2
(d), the sampled signal at the output J of SOA-MZI, Pj(t), is depicted. The sampled signal is
significantly degraded due to the limited carrier lifetime of the SOA1. A technique that may be
considered in order to reduce this degradation is the use of a Switching differential configuration,
as in [9], which can increase the maximum repetition rate of the pulse train, by introducing a
delayed copy of the pulses into SOA-MZI input D and thus into SOA2, as shown in Figure
3.3 (a). In this case, the temporal evolution of SOA2 gain and phase are delayed copies of the
temporal evolution of SOA1 gain and phase, depicted in Figure 3.3 (b) and (c), respectively.
Finally, this is translated to the decrease in the width of the sampled signal pulses, which is
illustrated by comparing Figure 3.2 (d) and Figure 3.3 (d). The width of the sampled signal
pulses is actively adjusted by the delay time between the pulse copies at input A and input
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D. Nevertheless, except for the increased complexity of Switching differential configuration, the
decrease in the width of the sampled signal pulses, provided by its use, does not lead to a lower
harmonic distortion of the sampled signal compared to the Switching standard configuration
[2], limiting significantly its potential when high quality sampling with minimum distortion is

required.
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NN
t
Power
(@) Py(t)
>»
t

Figure 3.2: Illustrative diagrams of the degradation of the pulse train due to the limited carrier
lifetime of SOA for the Switching architecture. The signals at input ports A and C, P4(t) and
Pc(t), respectively, are depicted in (a), the gains of SOA1, G1(t), and of SOA2, Gs(t), are
illustrated in (b), the non-linear phase shifts of SOA1, ®;(¢), and of SOA2, ®5(t), are shown in
(c) and the sampled signal at output port J, Py(t), is depicted in (d).
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Figure 3.3: llustrative diagrams of switching architecture with differential configuration which
is employed in order to decrease the width of the sampled pulses. However, this decrease does
not lead to lower harmonic distortion. The signals at input ports A, C and D, Pa(t), Po(t)
and Pp(t), respectively, are depicted in (a), the gains of SOA1, G1(t), and of SOA2, G(t), are
illustrated in (b), the non-linear phase shifts of SOA1, ®;(¢), and of SOA2, ®5(t), are shown in
(c) and the sampled signal at output port J, Py(t), is depicted in (d).

3.1.1.2 Modulation Architecture

Figure 3.4 demonstrates the principle of operation for the Modulation architecture in which the
sampling pulse train is modulated by the sinusoidal signal to be sampled. The SOA-MZI in this
case acts as a modulator, hence the name Modulation is given to the specific architecture. More

specifically, it is now the sampling pulsed signal that is divided into two identical copies by the
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3 dB optical coupler at the middle input port. In this case, the signal to be sampled causes a
phase shift in the upper copy of the sampling pulse train. This results in a continuous variation
of the portion of the amplified sampling signal that appears at the upper and lower output, i.e.
in a modulation of the sampling pulse train by the signal to be sampled. Again the frequency
content of the signal power to be sampled after the optical filtering at ¢ is replicated from fy4;
to ifek £ fdat-

Signal

to be sampled SOA-MZI Sampled signal

Sampling
pulse train

Figure 3.4: SOA-MZI Modulation architecture. Reproduced from [6] (© 2020 IEEE).

The Modulation architecture has the advantage of supporting optical pulse trains of poten-
tially very high sampling rates, as the sampling signal with a repetition frequency f. is only
amplified, so that f.r can be very high due to the high optical amplification bandwidth of the
SOA, despite the dynamics of the SOA carriers. On the other hand, the signal to be sampled,
at the frequency fy.:, must be below the cut-off frequency of the XPM process, which depends
on the dynamics of the SOA carriers. As a consequence, the analog bandwidth of the SOA-MZI
photonic sampler is limited by the XPM bandwidth, which is between 5 GHz and 6 GHz for
the specific operating conditions used in 2.4.4.2. As a result, Modulation architecture is more
adapted for the case of oversampling. Furthermore, when the SOA-MZI photonic sampler is used
as a photonic frequency converter, Modulation architecture is more adapted for up-conversion
from band-pass or intermediate frequencies or low radio frequencies to high radio frequencies,
since the frequency of the signal to be up-converted is limited by the XPM bandwidth to some
GHz, whereas there is a very high upper bound for the frequency components of the sampling

signal, which essentially operate as the local oscillator.
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3.2 Response with pulses

3.2.1 Ultra-fast optical pulse source

The ultra-fast optical pulse source (Pritel UOC-E-05-20) which is referred as the Optical Pulse
Clock (OPC) is an active mode-locked laser able to produce a train of ultra-short pulses at high
pulse-repetition frequencies, nominally between 1 GHz and 20 GHz, with adequate stability and
performance to be employed as the sampling source of this thesis SOA-MZI sampler. The Full
Width at Half Maximum of the pulses time profile (FWHM) can be selected to be either 1.6 ps
or 12.6 ps, making use of the appropriate optical filter provided by Pritel, detailed in Appendix
A. In chapter 3, the FWHM of the pulses is selected to be 12.6 ps while in chapter 4, is selected
to be 1.6 ps.

3.2.2 Quasi-static response
3.2.2.1 Experimental Setup

Figure 3.5 illustrates the experimental setup for conducting a quasi-static characterization of
the SOA-MZI (CIP 40G-2R2-ORP) response in order to choose the average power of Pa(t), Pa.
This type of characterization incorporates the dynamics and the behavioral changes caused to
the SOA-MZI response by the utilization of optical pulses, as opposed to a pure static case. The
OPC, is driven by a Radio Frequency (RF) generator at a frequency fq equal to 10 GHz and
provides an optical pulse train of 12.6 ps full-width at half-maximum pulse width. The signal
produced by the OPC, centered at A\¢ = 1557.4 nm and having its average power adjusted by an
optical attenuator to be constant at P = — 15 dBm, serves as the sampling signal that enters
SOA-MZI port C. The two phase-shifters ¢g1 and ¢g2, integrated to the SOA-MZI package, as
well as the polarization controller (PC1) are tuned in such a way that the optical power at
output port J is minimum when the power at input port A is zero. A CW signal tuned at Ag =
1550 nm enters SOA-MZI port A and serves as the signal to be sampled. The average power of
the pulses at outputs I and J was measured, after optical filtering centered at A¢ with a 3 dB

optical bandwidth equal to 0.7 nm, using an optical power meter.

3.2.2.2 Experimental results

Figure 3.6(a) illustrates the response of the SOA-MZI at outputs I and J as a function of P4
in logarithmic scale. Figure 3.6(b) depicts the same response but for a linear scale and for a
more limited range of P4 values. In this case, we can observe the non-linearity of the SOA-MZI
response, which hence underlines the need to improve the linearity of the response as a function
of the power Py4(t) of the signal to be sampled. The quasi-static response in Figure 3.6(a) is

different from the static response in Figure 2.12. The main difference is that for low P4 values,
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Figure 3.5: Quasi-static characterization experimental setup in order to choose the average power
of P4(t). Att: Optical Attenuator. OSA: Optical Spectrum Analyzer. OPC: Optical Pulse Clock.
RF: Radio Frequency generator. PM: Optical Power Meter. OBPF: Optical Bandpass Filter.
Reproduced from [1].

P is approximately 12 dB lower in Figure 2.12 than in Figure 3.6(a). This difference probably
stems from the imperfect tuning of PC1, ¢91 and ¢g2 in the beginning of the experimental

process due to the pulsing nature of the OPC signal.

We are interested in the maximum range of injected P4(t) values in which the SOA-MZI
photonic sampler can be utilized. This lies between a response minimum and maximum (as is
the case for the MZM). We choose the first such range between — 30 dBm and — 5 dBm. The
obvious choice for P 4 is at the middle of this range (i.e. — 8 dBm), so that an intensity-modulated
signal with an M of 100% can take power values within the whole permissible range of P4 (t)
values and thus, the usable ER of the sampled signal is the highest possible. To ensure that
we never surpass, even instantaneously, the maximum in case of an eventual fluctuation due to
temperature changes, P, is chosen 1 dB lower than the middle of the specified range, i.e. — 9
dBm or 0.126 mW.

In order to demonstrate that there is not a significant degradation of the pulses when using
the Modulation architecture, a visual comparison is made in Figure 3.7 of a pulse at the SOA-MZI
input C and SOA-MZI output J for P4 = -9 dBm. In this Figure, we observe that the FWHM
and the shape of the pulses is practically the same. Both Po and Py values are normalized.

An estimation of the Total Harmonic Distortion (T'"HD) as a function of the M is made
based on the quasi-static response of Figure 3.6. P response are curve-fitted through interpo-
lation to a 12th order polynomial. The THD is estimated assuming an ideal sinusoidal signal at

port A with an average optical power equal to — 9 dBm. A Fast-Fourier Transformation (FFT)
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is applied on the time domain estimation of P; in order to produce its electrical spectra and

subsequently calculate its THD. The estimated THD is shown in Figure 3.8.
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Figure 3.6: Quasi-static response of SOA-MZI in logarithmic (a) and in linear (b) scale. (a) is

reproduced from [1].
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Figure 3.7: Comparison of the normalized values of pulses between the input power P4, and the
output power P;. The temporal resolution in the Figure, which is equal to that of the DCA

oscilloscope, is 2.35 ps.

We observe in Figure 3.8 that the estimated T"H D of SOA-MZI direct output J as a function
of M I, increases from M = 5% up to M1 = 80%, and subsequently there is a quasi-flat region
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Figure 3.8: THD estimation of SOA-MZI direct output J as a function of the M of the signal
to be sampled. The THD estimation is based on the quasi-static results.

between M1 = 80% and M1 = 100%. Except for this quasi-flat region, the shape of the curve
is similar to the shape of the log function. The estimated deterioration of the linearity of the
sampling process as a function of M I makes pertinent the need of a linearization method in
order to decrease the non-linearity of the sampler, especially for high MI values where the
usable extinction ratio is also higher. Therefore, a post-linearization method is formulated and

experimentally validated in subsection 3.3 aiming at responding to that need.

3.2.3 Dynamic response
3.2.3.1 Experimental Setup

The SOA-MZI sampling pulse signal is produced, and ¢g1, ¢g2 and PC1 are adjusted, in the
same way as in quasi-static regime measurement. A continuous-wave signal tuned at Ay = 1550
nm is intensity-modulated by an MZM, which is biased at the quadrature point with Vj;,s = 3.1
V and produces a sinusoidal Double Sideband Full Carrier (DSB-FC) signal whose frequency
fdat 1s provided by an RF generator. The DSB-FC signal serves as the signal to be sampled that
enters SOA-MZI port A. Py is chosen at — 9 dBm, as previously mentioned.

The power of the pulses at outputs I and J as well as the power at input A are measured after
optical filtering using a sampling oscilloscope (Keysight N1000A DCA-X with N1030A calibrated
optical plugin), and the datasets of the three signals are recorded and saved. Additionally, Go
is measured optically and found equal to 26 dB.
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Figure 3.9: Dynamic characterization setup. MZM: Mach-Zehnder Modulator. DCA: Keysight
N1000A Digital Communication Analyzer. Reproduced from [1].

3.2.3.2 Experimental results

For the results presented in the following, the M I is defined as the ratio of the difference between

the maximum and the minimum value of P4 to their sum.

An example of a signal to be sampled with fy,; = 1 GHz and M1 = 60% is shown in Figure
3.10(a), and of the sampling signal in Figure 3.10(b). The corresponding sampled signals at port
I and J are shown in Figure 3.11(a) and Figure 3.11(b), respectively. Comparing these Figures
visually we observe that the average value of Pr peaks is lower than the average value of Pj(t)
peaks, and thus we infer that the average value of P is also lower than the average value of
Pj as expected by the quasi-static response in Figure 3.6(b). Moreover, another observation is
that the amplitude variation of Py(t) is higher than the amplitude variation of Py(t) which can
be verified from the quasi-static response in Figure 3.6(b). More analytically, in Figure 3.6(b),
the calculation of an approximate value of Pr(t) and P;(t) variations for P4 = 0.126 mW (or
-9 dBm) and M T = 60% gives a higher absolute variation for P; (=~ 2.75 mW) than for P; (~
2.28 mW).

All oscilloscope measurements have been obtained using averaging acquisition mode of 1024
values. The optical plugin RMS noise, which is the main source of error in the oscilloscope, is

45 pW. Due to averaging the measured RMS error of the time domain results is reduced to
45/4/1024 = 1.41 uW.
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Figure 3.10: Input power at SOA-MZI port A (a) and port C (b) for fges = 1 GHz and M1 =
60%. The temporal resolution in the Figures, which is equal to that of the DCA oscilloscope, is
2.35 ps. Reproduced from [1].
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Figure 3.11: Power at port I (a) and port J (b) of the sampled signal for fz,; = 1 GHz and
MI = 60%. The pulses peaks which correspond to the samples are illustrated by the dashed
line in (a) for port I and in (b) for port J. All oscilloscope measurements have been obtained
using averaging acquisition mode of 1024 values. The temporal resolution in the Figures, which
is equal to that of the DCA oscilloscope, is 2.35 ps. Reproduced from [1].

3.3 Linearization model

3.3.1 Introduction

Sampling is a fundamental signal processing function of Analog Radio over Fiber (ARoF) links.
Nevertheless, because the sampler characteristic function is not linear, the distortion products
that appear at the output degrade the performance of the link, especially for signals with high

modulation indices [11-13]. Thus, mitigation of nonlinear distortion i.e., linearization, is the
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key in order to improve the performance and expand the exploitable input power range of the
photonic sampler [11, 12].

A significant performance improvement of the optical sampling process has been achieved
by employing a post-distortion linearization technique and applying it to an MZM [11, 12]. The
potential of this technique gave rise to the idea of applying a similar post-distortion linearization
method for the first time to a SOA-MZI.

THD is a fundamental metric for almost any communication system, especially in the context
of broadband RF systems [14, 15]. High THD may signify interference for other equipment or
require elaborate filtering at the expense of increased cost and complexity of the ARoF link.
Recently, THD has been evaluated for the SOA-MZI photonic sampler in [13, 16]. Applying
the post-distortion linearization technique to this case aims exactly at minimizing THD of the
SOA-MZI photonic sampler.

3.3.2 Principle of operation of the post-distortion linearization method

Figure 3.12 illustrates the principle of operation of the post-distortion linearization method in an
SOA-MZI. In this method, the function of sampling is obtained using a modulation architecture
presented analytically in subsection 3.1.1 of the dissertation and published. In the SOA-MZI, a
sampling pulse train of instantaneous power Px(t), center wavelength A¢, repetition rate f. and
equal amplitude pulses generated by a mode-locked laser, is applied at input C, while a sinusoidal
signal to be sampled of instantaneous power Py4(t), modulation index (M), center wavelength
Aa and frequency fq.: is applied at input A. These signals interact inside the SOA-MZI via
Cross-Phase Modulation (XPM), so that the pulse train is amplitude modulated in accordance
with the variations of the amplitude of the signal to be sampled. The result of this process at A¢
is obtained at the SOA-MZI outputs I and J, which are complementary, i.e. the outcomes therein
exhibit opposite variations. The use of the Modulation architecture [17] means that the sampling
signal with a repetition frequency f. is only amplified, so f.x can be very high due to the high
optical amplification bandwidth of the SOA, despite the dynamics of the SOA carriers. On the
other hand, the signal to be sampled, at the frequency f4.¢, must be below the cut-off frequency
of the XPM process, which depends on the dynamics of the SOA carriers. As a consequence,
the analog bandwidth of the SOA-MZI photonic sampler is limited by the XPM bandwidth,
which is between 5 GHz and 6 GHz for the specific operating conditions as presented in detail
in 3.2.3. In our photonic sampling architecture, we use a technique referred to as post-distortion
linearization that combines at each sampling instant the power at the complementary ports I
and J to invert the SOA-MZI transfer function. In order to achieve this, the two signals emerging
from ports I and J which have been detected by an oscilloscope and the recorded datasets are
stored as presented in subsection 3.2.3. Then, a signal processing unit exploits the mathematical

model that is formulated in subsection 3.3.3 and subsequently empirically corrected by a simple
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optimization process based on experimental results in subsection 3.3.4. This is done in order to
linearize the output and estimate the power of the signal to be sampled, P4(t), by Py (t) using
the stored datasets from ports I and J, the operating parameters of the SOA-MZI as well as the

empirical correction coefficients.

Signal r-- - - -~ " "~ -~~~ _—|

to be sampled ) |
Sampled signals

. |trigger
v
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Sampling i : N
pulse train Ac A_,
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[ OSCILLOSCOPE PROCESSING
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Figure 3.12: Conceptual diagram for application of post-distortion linearization method in an
SOA-MZI photonic sampler. Reproduced from [1].

3.3.3 Linearization mathematical model

We develop our model on the assumption of a static SOA regime. Although by making such
an approximation it is expected that the SOA and SOA- MZI response will deviate from the
real one, still the inevitable discrepancy can be kept acceptable within the considered operating
range of use of this device and module, respectively. Furthermore, the model’s accuracy can be
improved by applying an empirical correction approach, as it will be described in subsection
3.3.4. In this manner, we manage to formulate a sufficiently precise model while preserving its

simplicity and its ability to produce analytic solutions.

The SOA-MZI output power emerging from ports I and J at the wavelength ¢ is given by
equations (2.48) and (2.49) as developed in chapter 2 and section 2.4. Using Equations (2.48),
(2.49) and ¢ = 0, the difference between P and Pj is:

P(t) = Py(t) = 5/Ga(0)Galr) - cos(A®(1)) - Pe() (3.1)

Now we can express the phase difference between the two arms of the SOA-MZI in relation
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to the output powers, Pr and Py, and the input power of the sampling pulse train, Pg:

- — cos— 2 Pr(t) — P;(t)
AD(t) = @y (t) — Po(t) = cos™ ( G G0 Po(®) ) (3.2)

Calculating the sum of the powers P; and Py using Equations (2.48) and (2.49), and subse-
quently expressing the input power Po in relation to the output powers P;, P; and the gains

G1 and G results in:
_ 4P1(t) + Py (1)

Po(t) =4—+——= 3.3
Using Equation (3.3) and solving for G'; we get the following expression:
Pr(t)+ Py(t
Gi(t) = 4M — Ga(t) (3.4)

Pc(t)

The same analysis and thus Equation (3.4) is also valid for the average value of powers and
gains given by [26]: B B
PO+ P) -

e Z R (3.5)

Substituting the expression for Po from Equation (3.3) in Equation (3.2) we have:

(1 P(t) = Py(t) Gi(t) + Ga(h)
AD(t) = P(t) — Po(t) = cos™ ' | = : 3.6
(1) = ®1(1) — Ds(t) = cos <2P1(t)+PJ(t) SRALE (36)
Equation (3.6) is also valid for the average value of phases, powers and gains given by [26]:
o 1P;—P; Gi1+G
AB =) — By —cos ! [l 2L T (3.7)
2P+ Py /(*;1@2

In order to couple the phase difference A® with the input signals injected into ports A and
C at wavelengths A4 and A¢ and of power P4 and Pg, respectively, we use the carrier density
rate for SOA1 and for SOA2. Carrier density rate for SOA1 is given by Equation (2.23) with
S € {A,C} as two signals at wavelengths A4 and ¢ are injected into the aforementioned SOA:

ON;(t)
ot
where the subscript 1 has been appended to R, and R, R4 and R¢ in order to declare the

= Ry — Ri(t) — Ras(t) — Rea(t) (3.8)

corresponding parameters of SOA1. Using Equation (2.27) and considering the fact that half of
the P4 power gets into SOA1, R4 is given by:

. 1 )\A ) r 'gml(Nl(t)) ) Gl(Nl(t)) —1

Balt) = 550 5 (\@) v

- Pa(t) (3.9)
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where the subscript 1 has been appended to g,, and g, and G in order to declare the corre-

sponding parameters of SOAL.

Using Equation (2.27) and considering the fact that a quarter of the Po power gets into
SOA1, Rc¢ is given by:

_1dx Togmi(Ni(t) Gi(Mi(t)) — 1
T dhe gm(Na(t)) v

Ro(t) - Po(t) (3.10)

Applying Equations (3.9), (3.10) and (2.24) to Equation (3.8) and using the approximation

LgmiNi®) _ 4 g in [17, 21], we obtain:

gn1(N1(t))
ON1(t) Isoar Ni(t) 1 Aa 1 Ao
= — - = Pa(t)- (G1(N1(t)) —1)— =—=Pc(t)- (G1(N1(t)) — 1) (3.11
B = T e PA (GN0) 1) P (Gi(Ni(1) 1) (311
We can express the SOA1 carrier density in the static regime, which is defined by 6]\gt(t) =
0, by the following equation:
— 1 hclsoal 1 — 124 = _
Ny = —=Pc-(G1—1)—=-——P4s-(G1 -1 3.12
""Ta L P | qrc gl G- =53 Pa-(Gi=1) (3-12)
where P;4; is given by:
h
Pyt = v (3.13)

Aela-L-1asg
For SOA2, provided that its physical parameters (T, o, L, Psq) are the same as for SOA1, and
given the fact that a single optical signal passes through it at A¢, we have, after following the

same analysis as for SOAL:

Ny

1 he - Isoaz  1—  —
= — —Pro-(Gy—1 3.14
ra-L-f;n[ Y 1o (G )] (3:14)

From Equation (3.8) and (3.14) and Ispa1 = Isoa2 = Isoa, we obtain the difference between
the SOA1 and SOA2 carrier density by:

1
TaL Psgt

The linearized expression of the SOA active zone effective refractive index as a function of carrier

Ny — N, =

1 _ _ 124 = _
ZPC (G2 —Gh) — iA—APA (G1 — 1)] (3.15)
C

density is given by [18]:
—2(N, — Np), = € {1,2} (3.16)
where n.g is the refractive index at transparency. The expression relating the refractive index
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and the phase difference is:

— 2T Neq L
3, = ey e {1,2) (3.17)
Ac
Applying Equations (3.15) and (3.16) to (3.17), we can calculate the phase difference between
the SOAs’ outputs. This difference at wavelength Ao is given by:
— — o 1 — 1 )\A

AP =Dy — D, = ZPq-(G1 -G L Ps- (G —1 1
1 2=5p |27¢ (G4 G2)+2)\O a-(G1—1) (3.18)

Applying Equation (2.29) and then Equation (2.28 in (2.16), ap can be expressed as:

One
Ar o _ 4t One (3.19)

aH = %‘91157# " ATac ON

Although Equation (3.2) has been derived for the instantaneous phase difference A® using the
instantaneous powers Py, Py, at ports I and J, and instantaneous gains G1, G2 of SOA1 and
SOAZ2, respectively, Equation (3.18) has been derived for the average value of A® using the
average powers Pc and P4 and average gains G and Go. Equating Equations (3.2) and (3.18)
and using the approximations Pc = Po(t), G1 = G1(t) and P4 = P4(t) permits us to express
the instantaneous power P4 as a function of the instantaneous measured parameters (powers

and gains) and thus approximate it empirically by:

PA) =3 a1 2 Pr(t)+ Ps(t)  /Gi(1)Ga(t)

aOH

R Ao 2 [QPsatcosl[lPI(t)PJ(t) G1(t) + Ga(t)

~ TPe(t) - (G - G2<t>>] (3.20)

Equation (3.20) is valid also for average values of powers and gains given by:

ﬁA _ Aic _ 2 2P5at60871 |:1PI _6] . G] +G2:| o EPC . (61 o 62) (321)
MG 1| an 2P+ P oG,

3.3.4 Linearization of sampled continuous-wave signals
3.3.4.1 Linearization and model corrections

The linearization method is applied on the sampling of continuous-wave signals shown in Figure
3.6. First, G is measured optically and found equal to 26.8 dB. Afterwards, the average values
P;, Py and P¢ as well as the previously measured G5 are used in order to recover the values of
G from Equation (3.5). With G at every point in Figure 3.6 known, the nonlinear phase shift
A® can also be recovered from Equation (3.6). Finally, the estimated Py is given by Equation
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(3.20). The value of the L=t ratio is 5.82 mW. It is worth noting that the optical gain G, at the

ap
lower arm of the SOA-MZI, does not depend on Py, therefore G5 only needs to be measured

once at the beginning of the process.

Observing the results in Figure 3.13(a), we notice that we have an offset error and a slope
gain error. These differences are due to the simplifications made throughout the above theoretical
development, such as the perfect symmetry between the SOA-MZI arms, the identical physical
parameters I', a, L and Py, for SOA1 and SOA2, the negligible SOAs internal losses
compared to I'gmn1, i.e. I'gm1 = gn1 and ¢g = 0. Thus, to correct the slope and offset of the
estimated input power, we apply two empirical correction coefficients denoted by ‘gco’ and
‘off, respectivgly, which are estimated using the experimental results. To this end, P4 can be

estimated by P4 with the use of the following expression:

]3A ~ geo [)\c _ 2 <2Psat AP — %130 Gy — G2)> +of f (3.22)

aH

The same expression with the instantaneous values of powers and using the static case approx-

imation is given by:

+off (3.23)
aH

)‘70 2 — <2Psat -AD(t) — %Pc(t) (G1(t) - Gg(t))>
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Figure 3.13: Comparison of the estimated P4 after the application of the post-distortion lin-
earization method and the injected P4 for the quasi-static results in Figure 3.6 without the use
of coefficients (a) and with ‘geco” = 0.48 and ‘off’ = — 17.9 pW (b) for the range between 0.0001
mW and 0.32 mW or equivalently between — 40 dBm and — 5 dBm. Reproduced from [1].

In Figure 3.13(b), we introduce ‘gco’ and ‘off” coefficients as in Equation (3.22), and then
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we optimize their values by using a least squares approximation in order to minimize the error
between ]% 4 and P4. The optimized values are equal to 0.48 for ‘gco’ and equal to — 17.9 pW
for ‘off’.

Utilizing the linearization technique for continuous-wave signals, while employing the ‘gco’
and ‘off” empirical correction coefficients as in Figure 3.13(b), we obtain an estimated percentage
of the absolute error between P4 and P4, APE 1> as low as 9.1% for the whole range between
0.0001 mW and 0.32 mW or equivalently between — 40 dBm and — 5 dBm. Moreover, APE ; =
7.2% for a signal with -9 dBm average power and M I = 100%.

3.3.4.2 Estimation of THD improvement

In order to establish the potential improvement in the performance of SOA-MZI photonic sam-
pler provided by the method, we can make an estimation of the THD of the linearized response
]5,4, based on the quasi-static results in Figure 3.13(b) and compare it to the estimated THD
of P presented in Figure 3.6. Py response is curve-fitted through interpolation to a 12th order
polynomial and the THD is estimated assuming an ideal sinusoidal signal at port A with an
average optical power equal to — 9 dBm. An FFT is applied on its time domain estimation
in order to produce their electrical spectra and subsequently calculate its THD and the THD
improvement provided by the technique. THD for the quasi-static regime is defined as the ratio
of the estimated output electrical power at the frequency of the ideal input signal fz,; divided

by the sum of the powers of the first 3 Harmonic Distortions at 2 fgqs, 3 faet and 4 fgqs-

Figure 3.14 shows a comparison between the estimated THD of the signal after the appli-
cation of the linearization method, denoted as ‘THD post-pr’ to distinguish it from that at the
SOA-MZI direct output J, denoted as ‘THD PJ’, as a function of M1 of the signal to be sampled.

The estimated THD improvement in Figure 3.14 is extremely high for the range of M I values
between 5% and 100% and it is always between approximately 20 dB and 24 dB. The ripple in
the THD improvement curve is caused by rippling in the THD post-pr curve mostly due to the
somewhat increased effectiveness of the linearization method around a peak at M1 = 76.4%.
The highest THD improvement observed for this peak is equal to 23.8 dB.

It should be noted that the THD estimation of the quasi-static regime does not take into
account the dynamic phenomena that take place into the SOA-MZI, and this estimation is
valid only for low frequencies, while it is compromised at high frequencies. Also, it should be
emphasized that the quasi-static regime results are based on measurements using an optical
power meter, whereas the dynamic regime results presented in 3.3.5 are based on measurements

using a wide bandwidth oscilloscope.
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Figure 3.14: Comparison between estimated THD of linearized and SOA-MZI’s direct output
J as a function of the M of the signal to be sampled. The THD estimation is based on the
quasi-static results.

3.3.5 Linearization of sampled sinusoidal signals
3.3.5.1 Experimental Setup and Conditions

The linearization measurement setup in the dynamic regime is shown in Figure 3.15. The only
difference with Figure 3.9 is that a signal processing procedure has been added which apply the
equations of the post-distortion linearization method to the datasets already saved by the DCA
oscilloscope. Also, the P value that is used corresponds to the peak power of the pulses.

The first step of the signal’s treatment is the isolation of pulses’ peaks for port I and port J
depicted by the dashed line curves in Figure 3.11(a) and Figure 3.11(b), respectively. The signal
processing that follows is performed on the pulse peaks which are the samples that result from
the sinusoidal signals’ sampling. The peak power of Pc input pulses, Pc peqr, is approximately
calculated from: o

Pc

¢ 3.24
fek - trwHM (3:24)

PC,peak =

where f.r is the sampling rate and gy s is the Full Width at half maximum of the pulses. In
our case, Pc =-15dBm, f., = 10 GHz and tpyw gy = 12.6 ps, and thus Pc peak is approximately
0.25 mW or -6 dBm.

The next step is the recovery of dynamic gain G using Equation (3.4) and of the dynamic

nonlinear phase shift A® from Equation (3.6), corresponding to every pulse peak or sample.
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Finally, Py is calculated using Equation (3.23), while the linearization model parameters and
‘gco’ and ‘off’ empirical correction coefficients are optimized to minimize the mean squared

error between P4 and Pjy.

trigger|

fu i—— Switch DCA Signal
4X1 |--DBPF2’|Oscilloscope Post-Processing

SOA-MZI

Aa =1550 nm
Pa=-9dBm

fyat = variable

Ac =1557.4 nm
Pc=-15dBm

fu = 10 GHz

Vpias = 3.1V

Isoa1 = lsoaz = 360 mA
OBPF1 is tuned at Ac

OBPF2 is tuned at A4

Coupler

Coupler
90-10 9

—— Optical signals

Electrical signals

Figure 3.15: Linearization measurement setup. Reproduced from [1].

3.3.5.2 Time domain results

A visual comparison between P4 and Py for faat = 1 GHz with M T = 40%, for f. = 1 GHz
with MI = 60%, for f. = 0.25 GHz with MI = 80% and for fy,; = 0.5 GHz with MI =
80%, is shown in Figure 3.16(a), (b), (c¢) and (d), respectively. The average percentage of the
absolute error in Figure 3.16(a) before the application of the linearization method (APE}y) is
15.3% , whereas after the application (APE ) it is 12.3%. Similarly, APE; in Figure 3.16(b) is
31.9%, whereas APE ; is 8.1%. The corresponding values before and after the application of the
linearization method are APE; = 52.7% and APE ; = 8% in Figure 3.16(c), and APE; = 34.3%
and APE ; = 13% in Figure 3.16(d). A conclusion that can be drown from the APE values listed
above is that the linearization works more efficiently for high M values where APFE; values
are also high due to the sampled signal significant degradation by the non-linearity of SOA-MZI

photonic sampler.
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Figure 3.16: Comparison of the normalized values between the estimated P4, the injected P
and the direct SOA-MZI output Pjy. (a) fgat = 1 GHz and MI = 40%. (b) fiot = 1 GHz and
MI = 60%. (¢) fiat = 0.25 GHz and MT = 80%. (d) fiat = 0.5 GHz and MI = 80%. The
temporal resolution in the Figures is equal to 1/ f. = 100 ps. Reproduced from [1].

3.3.5.3 THD linearization performance

In order to obtain the electrical spectrum of Py, ]5,4 and P4, an FFT is performed on the
respective time domain signals. An example of the electrical spectrum of Py, P4 and Py for the
case of fgor = 1 GHz and M1 = 60% is shown in Figure 3.17(a), (b) and (c), respectively. We
observe a clear improvement in terms of harmonic distortion comparing the electrical spectra
after (Figure 3.17(b)) and before (Figure 3.17(a)) the application of the post-distortion method.
The improvement is mostly attributed to the reduction of Harmonic Distortion 2 (HD2) at 2
GHz. The linearity of the photonic sampling mixer is assessed using THD as performance metric.

For the results presented in the following, the THD is defined for the cases of f;,; equal to 0.25
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GHz, 0.5 GHz and 1 GHz as the sum of harmonic distortion frequency components of order 2
to 4 (HD2-4) divided by the fundamental target frequency component. However, for the case
of figat equal to 2 GHz the THD is defined as the HD2, which is the most significant distortion
product, divided by the fundamental target frequency component. This discrepancy is due to
the sampling frequency f.r, which is 10 GHz, meaning that as we consider exclusively the pulses’
peaks and for a Nyquist sampling rate equal to 10 GHz, the highest frequency provided by FFT
is 5 GHz.

(b)

Electrical P, (dBm)
A
o
Electrical P4 (dBm)
4
o
Electrical P, (dBm)
4
o

0 1 2 3 4 0] 1 2 3 4 0 1 2 3 4
Frequency (GHz) Frequency (GHz) Frequency (GHz)

Figure 3.17: Electrical spectrum of Pj(a), P4(b) and P4(c) calculated with Fast Fourier Trans-
form (FFT) for f4qs = 1 GHz and M1 = 60%. Reproduced from [1].

3.3.5.3.1 THD results as a function of MI

Figure 3.18(a) shows a comparison between the THD of the signal after the application of the
linearization method, the SOA-MZI direct output J and the signal to be sampled at the input of
the SOA-MZI, denoted as ‘THD modulator’, as a function of the M I of the signal to be sampled.
The carrier frequency fgq: is equal to 250 MHz. We observe that the THD improvement achieved
by the linearization technique is moderate for a M I equal to 20%, significant for a M I equal to
40% and to 60%, and extremely high and equal to 23.9 dB for a M I equal to 80%.

Figure 3.18(b) depicts the same comparison as in Figure 3.18(a) but for fj,; equal to 1
GHz. In this figure, we notice that the maximum THD improvement provided by the method
is significant and equal to 9.1 dB for M equal to 60%. It should be noted that the error bars
in the THD lines correspond to the variation in the THD values that could be caused by small
random fluctuations of the order of 5% in the Py, P4 and P4 time domain results. This error is
equivalent to = 1.5 dB for the THD post-pr, THD PJ and THD modulator lines and equivalent
to £ 3 dB for the THD improvement line. Moreover, it is worth noting that from a theoretical

point of view the THD results at the complementary output I are expected to be similar to that
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at direct output J. Therefore, we have made the choice to compare the linearized results to the

results at port J.

——=o—— THD modulator ——=e—— THD modulator
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Figure 3.18: Comparison between THD of linearized and SOA-MZI’s direct output as a function
of the M I of the signal to be sampled. (a) fgor = 250 MHz. (b). f4at = 1 GHz. Reproduced from

[1].

Comparing the THD response for fg,; equal to 250 MHz in Figure 3.18(a) with the THD
quasi-static response in Figure 3.14, there is a matching between the THD post-pr, THD PJ and
THD improvement values for M1 equal to 80% when we take into account the 5% error bars’
lower limit. However, for M1 equal to 20%, 40% and 60% the THD post-pr, THD PJ and THD
improvement values in Figure 3.14 compared to those in Figure 3.18(a) are significantly different
even if we take into account the error bars. A possible explanation for this difference is that
as the MT of the signal to be sampled decreases from 80%, the RMS error of the oscilloscope
becomes more significant compared to the variation of Py, P;r and P4 signals, thus inducing an

additional error in the linearization process.

3.3.5.3.2 THD results as a function of the frequency of the signal to be sampled

Figure 3.19(a), (b) and (c) show the THD of the signal after the application of the linearization
method, in comparison to that at the SOA-MZI direct output J and the T'H D of the signal to be
sampled, as a function of the frequency f4,; of the signal to be sampled, for different modulation
indices 40%, 60% and 80%, respectively. As a general rule, the effectiveness of the method
decreases as the frequency increases due to the fact that the model’s equations presented in

subsection 3.3.3 are based on the assumption that 9Ny /9t = 0. In other words, the linearization
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equations are best adapted for a static or a quasi-static regime, whereas in a dynamic regime
there is a growing error as the frequency increases. However, this error is not prohibiting for
the application of the linearization equations on dynamic signals and, as a matter of fact, a
significant T'H D improvement of at least 5.5 dB, taking into account the error bars’ lower limit,
is observed for fy,; = 250 MHz and for fg,; = 500 MHz with M1 = 40%, 60% and 80%, as
well as for fgos = 1 GHz and for fy,; = 2 GHz with M I = 60%. For all the other cases, the
benefit of using the linearization technique is always tangible but not so pronounced. The upper
frequency limit that the static regime assumption seems plausible is the bandwidth of XPM,
which is measured between 5 GHz and 6 GHz in 2.4.4.2 for the specific SOA-MZI.

97



Part, Chapter 3 — Experimental characterization of the SOA-MZI photonic sampler

———— THD modulator
—=— THD PJ

—+—— THD post-pr
-«+#--- THD improvement

——a—— THD modulator
—a— THD PJ

——— THD post-pr
weo+@=--- THD improvement

0.5 1 1.5 2
Frequency (GHz)

(gap) wawanocadwi gH1L

10 -10
=z
Ny 5 -15
. 32 _ 2
) = 8
3 g 2
= 30 5 g 25
E s =
e " 30
-40 ";_:"
3 -35
50 0 -40
0 0.5 1 1.5 2 0
Frequency (GHz)
—=—— THD modulator
—a— THD PJ
——— THD post-pr
s+« THD improvement
-10
-15
= -20
z
a -25
s
=
-30
-35
-40
0

Frequency (GHz)

Figure 3.19: Comparison between THD of linearized and SOA-MZI’s direct output as a function
of the frequency fgq+ of the signal to be sampled. (a) MI = 40%. (b) MI = 60%. (c) MI =

80%. Reproduced from [1].

3.4 Conclusion

The quasi-static and the dynamic response of the SOA-MZI photonic sampler with pulses were
studied and the deterioration of the linearity provided by the SOA-MZI photonic sampler as the
M1 increases was established. In order to resolve the above problem a post-distortion lineariza-

tion method was formulated. The feasibility, potential and effectiveness of the post-distortion
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3.4. Conclusion

linearization method was illustrated through theory and experiment for a SOA-MZI photonic
sampler. Through application of the method to a quasi-static measurement, the estimated po-
tential THD improvement was found to be higher than 19.6 dB for sinusoidal signals with M T
between 20% and 80%. This high potential THD improvement is verified through sampling and
application of the method to a sinusoidal signal at 250 MHz with M1 equal to 80%. The lin-
earization model is based on the static regime SOA equations, and thus it has the advantage
of lower complexity compared to a model based on dynamic SOA equations. This approach,
however, is limited by the fact that the effectiveness of the method decreases as the frequency
of the signal to be sampled increases. Nevertheless, a significant THD improvement is observed
for sinusoidal signals to be sampled, at 250 MHz and 500 MHz for M I equal to 40%, 60% and
80%, and at 1 GHz and at 2 GHz for M I equal to 60%, while a tangible THD improvement is
observed for the rest of frequency and M I combinations.

The quality of the sampling process depends on the signal to be sampled at the SOA-MZI
input A, which acts as a reference signal and sets a hard limit on the maximum achievable
performance by the SOA-MZI photonic sampler as well as on the efficiency of the post-distortion
technique. Furthermore, adapting the SOAs design for specific use in an SOA-MZI photonic
sampler so as to ensure stronger dependence of the SOA carrier density on the input power
and higher saturation power for a wider range of acceptable input powers could also lead to

performance improvements.
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CHAPTER 4

SEMICONDUCTOR OPTICAL AMPLIFIER
MACH-ZEHNDER INTERFEROMETER
SAMPLER (SOA-MZI) PHOTONIC
SAMPLING MIXER

In this chapter, SOA-MZI photonic sampler is investigated for the application of frequency mix-
ing while employing both Switching and Modulation architectures. In this context, a small-signal
analysis of the SOA-MZI sampler is provided where an analytical expression for the Conversion
Gain (CG) is derived and a qualitative insight into the trends of CG results for the two archi-
tectures is presented. The performance in terms of CG is evaluated and the analytical expression
1s validated by comparison to measured CG values. The highest, compared to the state-of-the-
art, CG, is achieved with the Modulation architecture of the SOA-MZI photonic mizer for up-
conversion of a signal from 1 GHz to 39 GHz, which is adjacent to the 4" harmonic of the mode
locked laser. Moreover, the performance of up-conversion has been evaluated using Quadrature
Phase Shift Keying (QPSK) and 16 states Quadrature Amplitude Modulation (16-QAM) complex
modulated signals which is done for the first time for the Modulation architecture. The content
of the chapter is organized as follows. In section 4.1, a small-signal analysis of the SOA-MZI
sampling mizer is provided. In section 4.2, the conditions of the conducted experiments are de-
fined and the static and CG experimental results are given. In section 4.3, the results for the
frequency up-conversion of complex-modulated data are presented by comparing the two architec-
tures against the Error Vector Magnitude (EVM). Finally, section 4.4 contains the conclusions
reached in this chapter. Extended parts of this chapter are an adapted version of a publication,

produced during this thesis work, in the Journal of Lightwave Technology [1] *.

1. © 2020 IEEE. Reprinted, with permission, from [1]. IEEE does not endorse any of the additions and
modifications of the published article made in the adapted version of this chapter.
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4.1 Small-signal analysis of SOA-MZI sampling mixer

Small-signal analysis is a powerful analysis technique for obtaining approximate analytical so-
lutions to a problem A small-signal analysis of the SOA-MZI sampling mixer is formulated by
expressing each time-dependent parameter as the sum of a steady state term X and a first-order

perturbation term dx at one or more angular frequencies [2-5]:
X(t) =X +dz(t) (4.1)
In our case one input is a sampling pulse train that is modeled as an infinite sum of harmonics.

4.1.1 Modeling in presence of a sampling pulse train

Using the notation of Equation (4.1) and the index a € {s,m} to discriminate between the
(s)witching and (m)odulation architectures, the power of the sampling signal can be written
as the sum of the average power Pck,a and the perturbation term 0pck; o, which represents the

sinusoidal variation of the i** harmonic at angular frequency wey;:
_ _ 1 o o
Pck,a (t) = Pck,a + 6pcki,a(t> = Pck,a + 5 Z (pcki,a ejwcmt +pzki,a € MJCMt) (42)
1EN*

Likewise, the input power of the signal to be sampled, Py, o, is the sum of an average power

Fdat’a and a sinusoidal variation dpgq¢, at the angular frequency wgg::

_ _ 1 . . .
Pdat,a(t) = Pdat,oa + 5pdat,a(t) = Pdat,a + 5 (pdat,a ejwdatt + Pdat,a € deatt) (43)

Figure 4.1 depicts the layout of the SOA-MZI (CIP, model 40G-2R2-ORP) used in the
experiments. Po and P4 enter the interferometric module from port C and A, while P; and Py
emerge from ports I and J, respectively. Ports B and D have not been used in this work.

At SOA-MZI input port C, the incoming power is decomposed as:
Po = Pc + dpc(t) (4.4)

Similarly, introducing the index k € {1, 2} to discriminate between SOA1 and SOA2, we get

the following equation for the carrier density, Ny (the SOA is modelled as a one section device):

_ 1 . .
Ni() = Ne+ 0ni(t) = Ni+ 5> (Mo " 4 1 €79 (4.5)
F

where wp represents the linear combination of the angular frequency components of all optical
signals traversing SOAk. In case of SOA1, these include the sampling signal and the signal to
be sampled. In case of SOA2, only one of the two optical signals passes through, i.e. either the
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Figure 4.1: SOA-MZI layout of CIP 40G-2R2-ORP module and the name correspondence be-
tween powers and ports. Reproduced from [1] (© 2020 IEEE).

signal to be sampled, thus wp = wy,t for the Switching architecture, or the sampling signal, thus
WF = We; for the Modulation architecture.

The SOAs time-dependent gain and phase properties can be developed as follows:

oGy,

Gi(t) = Gy, + dgi(t) = G + 57%(15)87]\, (4.6)
Pp(t) = p + S (t) = Pr + (Snk(t)aa(]};;C (4.7)

At SOA-MZI output port J, the optical power is given by Equation (2.49). Now applying to
Equation (2.49) a first-order Taylor series approximation around [0g1, dg2, d¢1, d¢2] = [0, 0, O,
0] and introducing, Equations (4.6) and (4.7), we get Equation (4.8):

1

Py(t) = Py +dp;(t) = ¢ (P +dpo(t)) -

. [Gl + GQ -2 élég COS(‘T)l — &)2) + (1 — COS(@l — @2))691(2&)—}—

G1G

+ (1 _ (}17 cos(®y — @2))592@) + 21/ G1Go (6¢1(t) — 6¢pa(t)) sin(Py — @2)1 (4.8)
GGy

Developing Equation (4.8), we get the average output power P; and variation power dp:
_ 1 /_ —— L
Py = §PC (Gl + G9 — 24/ G1Go COS((I)l — (I)Q)) (4.9)
P,
30,(t) = 8pclt) 52 + P dga(t) + dpc(t) 39t (410)
C
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where dg¢ is given by:

S90(t) = 5601 (¢) + b9a(t

— \/Gng(égéit) + 59(‘;2’5)) cos(B1 — By) + 21/ G1Go (61 (£) — 0o (1)) sin(B1 — Bg)|  (4.11)

4.1.2 Up-converted small-signal terms

Equation (4.10) for the Modulation and Switching architectures is going to be developed in the
following way. Exclusively the combination of terms in (4.10) that are generating intermodulation
products at frequencies f.p; £ fia¢r are retained, while all other terms are eliminated. For this
purpose, firstly the first term of (4.10) is eliminated since it contains no intermodulation products

but only the frequencies of the input signal at port C.
Secondly, dgo and d¢o perturbation terms induced by SOA2 are eliminated as they do not

participate in the generation of f.i; + fiqt intermodulation frequencies.

More analytically, for the Switching architecture, the only signal traversing SOA2 is P4,
therefore dgo and d¢9 variations are induced at frequency fgq:. As a result, for the second term of
(4.10), the product of gz and P¢ as well as the product of §¢ and P¢ correspond to variations
at frequency fgq¢. For the third term of (4.10), the product of dgo and of dpc as well as the

product of d¢o and of dpo correspond to variations at frequency 2 fgq:-

Similarly, for the Modulation architecture, the only signal that passes through SOA2 is P,
therefore dgo and d¢o variations are induced at frequencies f.r;. As a result, for the second
term of (4.10), the product of gz and P¢ as well as the product of d¢ and P correspond to
variations at frequencies f.x;. For the third term of (4.10), the product of dgo and dpc as well

as the product of d¢o and dpc correspond to variations at frequencies 2 f.x;.

Therefore, based on (4.10) and the previous analysis we can write for the intermodulation

products at frequencies fox; + faat:

0D J,ckitdat,a = é (FC dg1(t) + dpc(t) 59¢1(t)) (4.12)

where dg¢, is given by:

JGiGy —
5g61(t) = 6g1(t) — (,;1 2 cos(By — B9)dgy (1) + 2/ G1Gosin(By — B2)d¢hy (1) (4.13)

Substituting dgi1, d¢1 from Equations (4.6) and (4.7) and dny from (4.5), while taking into
account that Po = Py, for Switching and Po = P, for Modulation architectures, the optical
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powers at the up-conversion frequency feri_dqt are given by:

Cop,

PJ,cki—dat,s = 16 [p;at,snluwckias + Fdat,s 2n1’wcki7dat,s:| (4'14)
Cop, 5
PJcki—dat,m = T [pcki,mniwdat,m + Pck,m 2nl,wcki7dat,m} (415)

where 114, ,.,.s 15 given by expression (B.6) in the Appendix B and Cop, is a constant at a

—dat>

given operating point defined by:

0G1 o 1 0Gia /= = _ _
= e o/ B, D
Cop, 5N Gin ON G1,0G2,0 cos(P1 o 2.a)

00, ———
+ 2 8; G17aG27asln(¢)17a—®2’a) (416)

Equations (4.14) and (4.15) can be further simplified given that both SOAs are not operating
in the high saturation region. In this case, the first term in the brackets is the most significant
one, similar to [3, 6], since 11 4,,, 4..,o 15 & second-order perturbation term of the carrier density

variation [4].

Cop,
pJ,cki—dat,s ~ Tspzat,snlzwckizs (4'17)
OPp,
PJ.cki—dat,m ~ Tpcki,mniwdat,m (418)

By replacing in (4.17) and (4.18) n1 4, s and nj ,, ,, by their expressions (B.10) and (B.11)
given in the Appendix B, we get:

pzklat’spcki,sGl,sTd

- 4.19
1+ jwekiTa (4.19)

DJcki—dat,s = —1is

pzaumpcki,mGl,de
1 — jwdatTd

PJ.cki—dat,m = _Km (420)

where 7,4 is the SOAs differential carrier lifetime. Constant K, with a € {s,m} depends both
on the SOAs structural parameters and the operating point of the SOA-MZI and is given by:

K, = _Gla 1— GQ’Q [cos ( sy, Gl’a) + ag sin ( sy, Gl’aﬂ (4.21)
32PsatTASE 1o 2 GQ,oz 2 GQ,O&

A detailed development to arrive at the form of Equation (4.21) is presented in Appendix B.
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4.1.3 Conversion Gain

In order to quantify the performances of the photonic microwave mixer the electrical CG,
CG cki—dat,a, has been evaluated. The use of electrical CG instead of optical one permits us
to easily compare the small-signal analysis results with the experimental ones. The electrical
CG is defined as the ratio between the squared modulus of pjcri—dat,, i-. the optical output
modulation power at frequency fe.x;_dqt Of the optical carrier at wavelength A¢, and the squared

modulus of pZat, o 1-e. the optical input modulation power at frequency fgq:.

2
DPj,cki—dat,o

CGck‘i—dat,a = (422)

*
pdat,a

Applying (4.17) and (4.18) to (4.22), the electrical CG for the Switching and Modulation
architectures is given by (4.23) and (4.24), respectively:

2

Dcki sél sTd
CGeki—dat,s = | Ks7——"—— 4.23
cki—dat,s ‘ 81+jwckde ( )
pcki,mél,de 2
CGckifdat,m = Kmli (424)
— JWdatTd

Equations (4.23) and (4.23) indicate that the CGs exhibit a low-pass filter response, whose

1

cut-off frequency occurs at fe,: = T

[3, 7]. In case where w1 is much higher than we, =
27 feut, while wgqs is lower than we,, the projection that for the Switching architecture, as the
order ‘i’ of wek; increases, the C'G will decrease rapidly following the low-pass filter response
of the carrier density can be made. On the other hand, for the Modulation architecture, as
‘i’ increases, the C'G is not subject to this drop. The derived small-signal equations show the
advantage of the Modulation architecture for frequency up-conversion around higher harmonics

of the sampling signal compared to the Switching one.

4.2 Conversion Gain Results

4.2.1 Experimental conditions

This section describes the experimental conditions of this work and presents the static experi-
mental results.

The setting of the SOA-MZI operating point, which is defined by the bias current Igpas of
SOAs, the center wavelength .. of the sampling signal, the wavelength Az, of the signal to be
sampled and the average input powers P4 and P, is very critical for both architectures.

Firstly, the current Isp 4k is chosen to be the same for both SOAs, i.e. 360 mA. This value is

somewhat lower than that used previously [8], since it helps to better control the temperature
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and consequently obtain a more stable response of the SOA-MZI. Furthermore, the wavelength
of the signals at the SOA-MZI inputs is selected to be the same for both architectures, so as to
ensure a fair comparison between them. Therefore, the signal injected at SOA-MZI input port
A and the one injected at input port C are chosen and kept fixed: A4 at 1550 nm and A¢ at
1557.4 nm, respectively. Finally, the mean power of the signal at port C, P¢, is -15 dBm.

An Optical Pulse Clock (OPC) source, which is an active mode-locked laser (Pritel model
UOC-E-05-20), is driven by a Radio Frequency (RF) generator at a frequency f.; equal to 10
GHz and provides an optical pulse train of 1.6 ps Full Width at Half Maximum (FWHM) pulses.
It should be noted that the FWHM in this chapter is different from the one in chapter 3 which
was 12.6 ps. This modification significantly alters the behavior of the SOA-MZI both in the
quasi-static and in the dynamic regime. Experimentally the modification of the sampling pulses
width is performed by changing the tunable filter inside OPC. The use of the tunable filter is
detailed in Appendix A.

The center frequency of the Optical Band-Pass Filter (OBPF) placed at each SOA-MZI
output is tuned at 1557.4 nm to select the sampled signal produced by the interferometer, while
removing the optical signal centered at 1550 nm. The OBPF bandwidth is chosen to be 0.7 nm in
order to filter the Amplified Spontaneous Emission (ASE) noise while permitting the harmonics

needed for the 39 GHz up-conversion to pass.

The phase-shifters ¢g; and ¢go in the two arms of the SOA-MZI and the polarization con-
troller (PC2) placed in the path of port C are adjusted so that the optical power at output port

J is minimum for both architectures when there is no power at input port A.

Secondly, in order to find the P4 power that provides the highest possible linearity, a quasi-
static characterization with pulses is performed for both architectures. The procedure is similar
to the quasi-static characterization of Modulation architecture in chapter 3 with the difference
that the FWHM of the pulses is 1.6 ps in this setup instead of 12.6 ps in chapter 3. This new
characterization incorporates the dynamics and the behavioral changes caused to the SOA-MZI
response by the utilization of pulses of reduced FWHM compared to chapter 3 case for Modula-

tion architecture and completes it with a quasi-static characterization of Switching architecture.

The different principle of operation between Switching and Modulation architectures is the
reason for the change of the device that performs the output measurement in the quasi-static
regime. For the Switching architecture, OPC switches on and off a Continuous Wave (CW)
signal, and thus reproduces its frequency content, albeit filtered, at the output through Cross-
Phase Modulation (XPM). In order to faithfully observe the effect of XPM in RF frequencies,
an Electrical Spectrum Analyzer (ESA) is used to measure the reproduced content at 10 GHz
in the electric domain. For Modulation architecture, a CW signal modulates the OPC signal. In
order to observe the effect of XPM in a CW signal, an optical Power Meter (PM) measuring the

average output power is sufficient, as there are no reproduced frequencies at the output in the
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quasi-static regime.

The experimental setup of this quasi-static characterization for the Switching architecture
is shown in Figure 4.2. A CW laser source provides a constant signal at the optical carrier Ao
= 1557.4 nm, whose power is set by an optical attenuator (Attl) at Po(t) = Po = -15 dBm
at SOA-MZI input port C. The average power P, is controlled by Att2. At both SOA-MZI
inputs A and C, powers P4 and P¢ are monitored by (PM1) and by an Optical Spectrum
Analyzer (OSA), respectively, through the 10% output ports of a pair of 90%-10% couplers at
each input. At the SOA-MZI output using a 2X1 switch the power of ports I and J is alternately
filtered by the OBPF which is tuned at wavelength A¢ with a bandwidth of 0.7 nm as previously
mentioned. Subsequently, the optical power is converted to the electrical domain by a 75 GHz
PIN photodiode whose responsivity is 0.71 A/W. The electrical output signal is then amplified
by a 33 dB low noise amplifier (AMP 1). Finally, the electrical power at 10 GHz is measured by
an ESA while the average power of the optical carrier, P4, centered at A4 = 1550 nm is swept.

Aa=1550 nm
SOA-MZI P4 = variable
Ac =1557.4 nm
Pc=-15dBm
fo =10 GHz

Coupler
90- 10

}\C Ck Coupler
PC1

90-10

XZ AttT OOO T

10

| Switch
2X1

Isoa1 = Isoaz = 360 mA
OBPF is tuned at A¢

OPC Pulses FWHM = 1.6ps

—— Optical signals

Electrical signals

Figure 4.2: Experimental setup for the quasi-static characterization with pulses of Switching
architecture. OPC: Optical Pulse Clock. RF: Radio Frequency generator. Att: Optical Attenua-
tor. PC: Polarization Controller. PM: Optical Power Meter. OSA: Optical Spectrum Analyzer.
OBPF': Optical Bandpass Filter. AMP1: Electrical Low Noise Amplifier. ESA: Electrical Spec-
trum Analyzer. Reproduced from [1] (© 2020 IEEE).

Afterwards, the second derivative (SD) of the optical modulation power (OMP) of the signal
at 10 GHz at SOA-MZI output ports I and J is calculated from a 5th order polynomial data
fitting with respect to the average optical power, P4, as shown in Figure 4.5. OMP is defined as
the optical equivalent of electrical power in a specific frequency (in this case at 10 GHz) given by
Equation (B.17) in Appendix B. When the second derivative of OMP is zero, the first derivative
is in turn constant and so the SOA-MZI response is linear. The linearity of the operating point

is important as it is associated to lower distortion of the sampled signal and therefore of the
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up-converted signal. The P4 power used for conducting the measurements that follow is chosen
close to the curves’ intersection point in Figure 4.5 and amounts to 0.114 mW (= -9.5 dBm).
The point where the curves of port J and port I pass closer to zero is at 0.141 mW (= -8.5 dBm)
and 0.126 mW (= -9 dBm), respectively. Although a different choice for P4 either at ~ -8.5
dBm or = -9 dBm would possibly change the results by a limited amount, the intersection point
is chosen in order to retain the possibility to compare the results of the two ports with the same
initial conditions of low linearity.

A photo of the experimental bench during the CG measurements is shown in Figure 4.3

where some of the laboratory devices are identified.

Figure 4.3: Photo of the experimental bench during conversion gain measurements. Some devices
used in the experiments such as the ESA, RF1, RF2, OPC, the photodiode and the SOA-MZI
are identified.

The experimental setup of this quasi-static characterization for the Modulation architecture
is shown in Figure 4.4. In this characterization, the OPC source generates a signal at Ac = 1557.4
nm, whose average power is adjusted by Attl at Po = -15 dBm at SOA-MZI input port C. A
CW laser source provides a signal at the optical carrier A4 = 1550 nm, whose power is controlled
by Att2. At both SOA-MZI inputs A and C, powers P4 and Pc are monitored by OSA and
PM1, respectively, through the 10% output ports of a pair of 90%-10% couplers at each input.
At the SOA-MZI output using a 2X1 switch, the power of ports I and J is alternately filtered
by the OBPF which is tuned at A¢. Finally, for the quasi-static characterization of modulation
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architecture the optical power is measured by PM2 while power P4 at A4 = 1550 nm is swept.

Aa=1550 nm

SOA-MZI Pa = variable
Aa Cou_pler _ Ac=1557.4 nm

:Z N %010 Pa Pc=-15dBm

N\ sl Aa fu = 10 GHz
OSA
Coupler SWltCh
— [OBPF}{PM2
2X1 9

—— Optical signals Isoa1 = lsoaz = 360 mA

OBPF is tuned at A¢

— El ical signal
ectrical signals OPC Pulses FWHM = 1.6ps

Figure 4.4: Experimental setup for the quasi-static characterization with pulses of Modulation
architecture. Reproduced from [1] (© 2020 IEEE).
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Figure 4.5: Optical Modulation Power (OMP) (right) and its Second Derivative (SD) (left) at
10 GHz at SOA-MZI output ports I and J as a function of the optical power at input port A.
Reproduced from [1] (© 2020 IEEE).
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According to Figure 4.6, the point at which the SD of the SOA-MZI output power at port
J crosses zero occurs at 0.04 mW (-14 dBm), which hence is chosen as the P4 power for the

measurements taken below with the Modulation architecture.

60 B——SD port| &—— SD port J

--=--0OPportl--«--0Pport)
30 - 0.6

SD of optical power
o
‘\
[
o
i IN
(muw) Jamod jeando

» T -
LI

w
o
[ ]
L
[}
T
| ]
i
[}
&
| |
L] \
[
o [
4 T
o
N

‘e~ Modulation P,

0 0.05 0.1 0.15 0.2
P, (mw)

Figure 4.6: Optical power (right) and its Second Derivative (SD) at SOA-MZI output ports I
and J as a function of the optical power at input port A. Reproduced from [1] (© 2020 IEEE).

Switching architecture electrical spectra of the pulsed signal at input A and output signal at
port J after optical filtering are depicted in Figure 4.7. Also, Modulation architecture electrical
spectra of the pulsed signal at input C and the output signal at port J after optical filtering
are depicted in Figure 4.8. The measurements are made in an ESA after photodetection and
amplification (AMP1). It can be observed that for Switching architecture the power difference
between the 10 GHz and 40 GHz frequency components is 3 dB at the SOA-MZI input and
20 dB at the SOA-MZI output after optical filtering, whereas for Modulation architecture is
6 dB at the SOA-MZI input and 10 dB at the SOA-MZI output after optical filtering. The
power difference between the SOA-MZI input and output after optical filtering is significantly
higher for the Switching architecture than for the Modulation architecture due to the limited
carrier lifetime of the SOA, as explained in 3.2. Also, a part or even the entire difference between
the SOA-MZI input and output for Modulation architecture (and to a much lesser degree for
Switching architecture) is due to the optical filtering by OBPF at the output of the SOA-MZI.
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Figure 4.7: Electrical spectra of the pulsed signal at input A (a) and the SOA-MZI output port
J (b) for Po(t) = Pc. The difference of spectral component between the first harmonic at 10
GHz and the fourth harmonic at 40 GHz is 3 dB.
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Figure 4.8: Electrical spectra of the pulsed signal at input C (a) and the SOA-MZI output port
J (b) for Ps(t) = P4. The difference of spectral component between the first harmonic at 10
GHz and the fourth harmonic at 40 GHz is 6 dB.
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4.2.2 Conversion Gain Estimation and Measurement

The C'G has been calculated using the small-signal Equations (4.23) and (4.24) and subsequently
has been measured for the frequency up-conversions from fg,; = 1 GHz to fex — faar = 9 GHz
(CGogH-) and to 4fe — faat = 39 GHz (CG39gH-)-

The experimental setup used to measure the CG is shown in Figure 4.9 and Figure 4.10 for
the Switching and Modulation architectures, respectively. An example of the optical spectrum
of the sampling signal produced by the OPC and the sampled signal at the 10% output port of
the 10-90 output coupler are shown for the Switching architecture in Figure 4.11 and in Figure
4.12, respectively, while for the Modulation architecture are shown in Figure 4.13 and in Figure

4.14, respectively.

A SOA-MZI
-y PA
Att2
Aa
@ Coupler
90-10 Pc
Y Ac
PC250

Coupler
PC180 cte:ti“ad 90-10 N
At A= Adat,s 90
Adat,s (1) ,% I ‘10 {OSA| AMP1

SN AT >—ESA|

—— Optical signals

— Electrical signals

Figure 4.9: CG measurement setup for Switching architecture. (1) denotes the direction of trans-
mission from SOA-MZI output ports I and J alternately to the ESA. Reproduced from [1] (©
2020 IEEE).

The signal to be up-converted is produced for both architectures by a CW laser source
that is intensity modulated by an MZM, which is driven by an RF generator RF2 at fy,: =
1 GHz through the MZM driver module which amplifies it by 23 dB. The MZM operates in
the quadrature point and the V4, is 2.9 V. This optically carried RF signal is then frequency
converted around f.; frequencies. The optical signal emerging from the SOA-MZI I and J
outputs is optically filtered by the previously mentioned OBPF. The filtered optical signal is
monitored in an Optical Spectrum Analyzer (OSA) using the 10% port of a 90/10 coupler.
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From the 90% port of the coupler, the signal is subsequently photodetected by the 75 GHz
PIN photodiode. The combined optical loss of the OBPF and the coupler (90% output) is 7.5
dB. The electrical output signal is then amplified by the AMP 1.

The CG is defined as the difference between the electrical power in dBm referenced at the

SOA-MZI output at fex; — fdat, and the electrical power in dBm referenced at the SOA-MZI

input at fge.

—— Optical signals
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Figure 4.10: CG measurement setup for Modulation architecture. (1) denotes the direction of
transmission from SOA-MZI output ports I and J alternately to the ESA. Reproduced from [1]
(© 2020 IEEE).
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Figure 4.11: Optical spectrum of sampling signal produced by the OPC for the Switching archi-

tecture.
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Figure 4.12: Optical spectrum of the filtered sampled signal at the 10% output port of the 10-90

output coupler for the Switching architecture. Reproduced from [1] (Copyright 2020, IEEE).
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Figure 4.13: Optical spectrum of sampling signal produced by the OPC for the Modulation

architecture.
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Figure 4.14: Optical spectrum of the filtered sampled signal at the 10% output port of the 10-90
output coupler for the Modulation architecture. Reproduced from [1] (© 2020 IEEE).

In Figure 4.15 the measured CG is displayed for various modulation index values of the

sinusoidal signal to be sampled. Moreover, in dash-dot lines the theoretically predicted CG
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derived using (4.23) and (4.24) is shown and the involved parameters values are listed in Table
B.1 in Appendix B. For the Modulation architecture the only parameter that changes in (4.24)

between the different up-converted signals is the power of the sampling signal harmonics, pex; -

18 ~Switching9GHz o B —
16
14 Modulation 9 GHz of
12
o 10 Modulation 39 GHz
) 'Y
o 8
© 6
4 Switching 39 GHz\
2
0
0 0.2 0.4 0.6 0.8 1

Modulation index of sinusoidal signal

Figure 4.15: Comparison between C'G of the Switching and Modulation architectures: Measured
(solid lines) and theoretically calculated (dash-dot lines) C'G values for frequency up-conversion
at 9 GHz and 39 GHz as a function of the modulation index of Py,;. Reproduced from [1] (©
2020 IEEE).

There are two reasons behind the C'G difference between the two architectures. The first rea-
son is that the operating point is different between the Switching and Modulation architectures
as P4 is -9.5 dBm for the former and -14 dBm for the latter. The second reason stems from the
fact that since the sinusoidal signal to be sampled has been interchanged with the mode-locked
sampling signal at the input of the SOA-MZI, the frequency components that participate in the
faat = 1 GHz to fer1—dae = 9 GHz frequency conversion are lightly filtered by the SOA-MZI for
the Switching architecture as f.r at 10 GHz lies outside the XPM bandwidth (f.,; = 6 GHz,
given in the Appendix B), whereas they are not filtered for the Modulation architecture as fg,;
at 1 GHz lies inside the XPM bandwidth. However, this advantage of Modulation compared to
the Switching architecture disappeared due to the use of different operating points by the two
architectures and finally CGgogp, turns out to be somewhat higher for Switching than for the
Modulation architecture. At fepa_dgar = 39 GHz the frequency components that participate in
the fyor = 1 GHz to fera—gar = 39 GHz frequency conversion are strongly filtered by the SOA-
MZI for the Switching architecture as 4f.; at 40 GHz lies outside the XPM bandwidth, whereas
they are not filtered for the Modulation architecture as fj,; = 1 GHz lies inside the XPM band-
width. Unlike for CGogp., for CGsg9grr», the more advantageous operating point of Switching
architecture is not enough to compensate for the superiority of Modulation architecture caused

by the overwhelming difference in filtering of the aforementioned frequency components. This

119



Part, Chapter 4 — SOA-MZI Photonic Sampling Mixer

explains the increased robustness of the Modulation scheme against the Switching scheme with
respect to C'G as the up-conversion frequency increases.

Figure 4.15 shows a good agreement between measured and theoretically calculated GC
curves, which confirms the validity and accuracy of the theoretical approach and of its outcomes.
Furthermore, it highlights the usability of (4.23) and (4.24) in the design, characterization and
optimization of the SOA-MZI photonic mixer. The difference in CG between the frequency
conversion to 9 GHz and 39 GHz is smaller for the Modulation architecture than for the Switching
one. Therefore, although C'G is higher for the frequency conversion to 9 GHz when employing
the Switching architecture, it is more advantageous to employ the Modulation architecture for
the frequency conversion to 39 GHz. Moreover, the CG attained by the SOA-MZI photonic
mixer does not change significantly with the modulation index variation. Equations (4.23) and
(4.23) support this fact as CG is not a function of pgut o, which in turn is proportional to
the modulation index, i.e. piot.a = Mdat,a Fdat,a, where mgq¢,o is the modulation index of the

sinusoidal signal.

4.2.3 Conversion Gain analysis using small signal equations

Since the small signal analysis is validated, it can be used to make a theoretical analysis which
comprises predictions of the C'G for the frequency conversions from fz,; = 1 GHz to a multitude
of frequencies at fep; — fdat, as well as investigate the influence of the SOAs critical parameters
on the CG.

In this framework, CG is calculated for frequency up-conversions from a signal at fg, = 1
GHz to signals at frequencies up to 81 GHz in Figure 4.16. For the C'G calculation the values
of peri o are based on measurements for pey; o with @ € {1,2,3,4} while they are approximated
for perio with i € {5,6,7,8}, supposing a constant attenuation for the 5th, 6th, 7th and 8th
OPC harmonics equal to the average of the attenuation between the first 4 OPC harmonics.
The outline of the points, where an approximated value is used, is dashed and in red color. All
involved parameters values are listed in Table B.1 in Appendix B.

We observe in Figure 4.16 that the Modulation architecture provides higher CG values
compared to the Switching architecture for all frequency conversions except for the one to 9
GHz. Also, the CG difference between the Modulation and Switching architectures increases
from -1.77 dB to 6.82 dB as the frequency of up-converted signal increases from 9 GHz to 69
GHz while it rests approximately constant and equal to 6.6 dB for the frequency up-conversion
to 79 GHz. Moreover, the C'G of Modulation architecture is positive for all frequency conversions
except for the one at 79 GHz where it is slightly negative (-0.42 dB).

Furthermore, with respect to the SOA-MZI parameters influence on CG, from Equation
(4.23), Equation (4.24) and Equation (4.21), the electrical CG is observed to be inversely pro-

portional to the square of the saturation power, Ps,, and to the spontaneous carrier lifetime

120



4.2. Conversion Gain Results

m Switching Modulation
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Frequency of upconverted signal (GHz)

Figure 4.16: Comparison between theoretically calculated C'G' values of the Switching and
Modulation architectures for frequency Up-conversions from fy,; = 1 GHz to feri — faar with
i€{1,2,3,4,5,6,7,8}. The outline of the points, where an approximated value of pe; o is used,
is dashed and in red color.

TasE, both of which depend on the SOA physical properties [6]. Additionally, it should be

remarked, considering the other parameters constant (including the ratio gl"" ), that CG is pro-

2«

portional to the 4th power of Gj 4, meaning that an increase of the G1, by 1 dB causes a 4
dB CG increase. In the same framework, an increase of p.i; o or K, by 1 dB produces a 2 dB
CG increase. Moreover, varying ay between 1 and 10 while keeping the SOAs average gains,
SOAs average phases, Psqt, TASE, T4 constant i.e. keeping the operating point and the rest of
key parameters constant, we obtain Figure 4.17. In this, we observe that there is an interest in
using SOAs with high ay values since the higher the ap value, the more efficient the frequency
conversion in terms of C'G. The CG improvement is almost equal between the Switching and
Modulation architectures. In addition, varying 74 between 1 ps and 100 ps while keeping the
SOAs average gains, phases, the rest of the key parameters as well as the ratio 74/7 constant, we
obtain Figure 4.18. In this, we observe that using SOAs with lower 74 values causes an increase
of C'G for the Switching architecture, while its influence is almost zero for the Modulation ar-
chitecture. This is explained by the fact that for Modulation architecture the signal at fg,; = 1
GHz that contributes to the frequency conversions is not significantly filtered by XPM, so that
an increase of 75 and thus of XPM bandwidth provides no benefit in terms of C'G. On the other
hand, the frequency components of OPC that contribute to the frequency conversions i.e., fer1
and f.r4 are filtered heavily by XPM, so that an increase of 7; and thus of XPM bandwidth

provides a serious benefit in terms of C'G.
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Figure 4.17: Comparison between theoretically calculated C'G values of the Switching and Mod-

ulation frequency up-conversion at 9 GHz and 39 GHz as a function of ay.
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Figure 4.18: Comparison between theoretically calculated C'G values of the Switching and Mod-

ulation frequency up-conversion at 9 GHz and 39 GHz as a function of 7.

The above analysis of the influence of critical SOA parameters on the CG is a simplified
approach and although it is useful to show the most significant parameters effect on CG, the
amount of C'G variation that a specific parameter’s change would produce in a real SOA-MZI, is
a rough estimate. In a real SOA-MZI, élu, Td>s Ko, Dekiar Psat and T4sE are interdependent and
associated to the SOA-MZI operating condition. Therefore the effect of each critical SOA-MZI
parameter depends in any case on the exact operating point of the SOA-MZI.
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4.3 Up-conversion of complex-modulated data

4.3.1 QPSK and 16-QAM modulation formats

QPSK (Quadratic Phase Shift Keying) and 16-QAM (Quadratic Amplitude Modulation) mod-
ulation formats are used for the purpose of evaluating the quality of frequency up-conversion in
terms of Error Vector Magnitude (EVM).

QPSK is a form of Phase Shift Keying with 4 states (4-PSK). The constellation diagram of
QPSK with Grey coding is shown in Figure 4.19 [9]. A QPSK modulation uses 4 symbols of the
same amplitude A. Every symbol in the constellation diagram conveys 2 bits of information. A
QPSK signal can be written by:

si(t) = Acos(2 faar + &) (4.25)

where A is the symbols’ amplitude, fzq is the carrier frequency, ¢; = (20 +1)%, i € {0,1,2, 3}
is the i*" symbol phase.
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Figure 4.19: Constellation diagram of QPSK modulation format with Gray coding

QAM is a modulation format that combines amplitude and phase variations of the carrier.
The constellation diagram of a QAM modulation format of 16 states (square 16-QAM) with
Grey coding is shown in Figure 4.20 [9]. A 16-QAM modulation uses 16 symbols. Every symbol
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in the constellation diagram conveys 4 bits of information. A 16-QAM signal is the sum of two
carriers of same frequency, fgq¢, with a phase difference between them equal to 7/2. One is
customarily referred to as the in-phase component, denoted by I(t), and the other is referred as

the quadrature component, denoted by Q(t).

si(t) = Ii(t) $in (27 faart) + Qi(t) cos(27 faart) (4.26)

where Q;, I; € {—3A,—A, A,3A}
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Figure 4.20: Constellation diagram of 16-QAM modulation format with Gray coding

Experimentally, the QPSK and 16-QAM modulated signals are filtered by a root raised
cosine filter (RRC). In this case, the bandwidth, BW, of the modulated signal in the pass-band
is defined as the frequency range of the non-zero portion of its spectrum, and with respect to

the symbol rate (SR) is given by:
BW = (1+a)SR (4.27)

where « is roll-off coefficient and SR is half of the bit rate (BR) for QPSK and a quarter of the
bit rate for 16-QAM.
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4.3.2 Error Vector Magnitude

EVM is a metric that is used to quantify the performance of a digital radio transmitter or
receiver. EVM is related to the error vector which is the vector difference in the I-Q plane

between the reference signal and the measured signal as shown in Figure 4.21 The definition of

1Q Phase error

>
|<_ Ierr_’l I

Figure 4.21: Definition of error vector and its coordinates in the IQ plane, I, and Qepr.

EVM in percentage used in this thesis is given by the following expression [10]:

N-1
¥ > (I2.[n] + Q2. [n])
pvM =V =0 A -100% (4.28)

where [n] is the symbol index, N is the number of symbols and A4, is the maximum constel-

lation amplitude of the reference signals or symbols.

It should be noted that in this definition of EVM, the maximum constellation magnitude of
the reference signals is used for EVM normalization and not the average power of all reference

signals of the constellation used sometimes in other works.

EVM can be estimated from the SNR, in the case where the errors are mainly due to white
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noise, through the following equation [11]:

EVM o~ — - (4.29)

k10710
where the value of factor £ depends on the modulation format and is equal to 1 for QPSK and

equal to 3/v/5 for 16-QAM. SNR is in logarithmic scale (dB).
EVM is related to the Bit Error Ratio (BER) through the following expression [11]:

1—-L7! 3logo L V2
BER~ —~__. : 4.
P A C[\/LQ 1 K2EV M2loga M (4.30)

where erfc[.] is the Gaussian complementary error function, L is the number of signal levels
identical within each dimension of the quadratic constellation and logo M is the number of bits
encoded into each symbol. L is equal to 4 for QPSK and equal to 12 for 16-QAM. logo M is
equal to 2 for QPSK and equal to 4 for 16-QAM.

4.3.3 Experimental results

The experimental setup of the SOA-MZI photonic frequency up-converter using complex modu-
lation formats is shown in Figure 4.22 for the Switching architecture and in Figure 4.23 for the
Modulation architecture. QPSK and 16-QAM signals are generated for different symbol rates
by Keysight M8190A Arbitrary Waveform Generator (AWG) at a carrier frequency fgq: = 0.750
GHz. The sampling rate of the AWG is 12 GSa/s. Internally of AWG the I-Q signal is filtered
by a root raised cosine (RRC) filter with a roll-off coefficient o = 0.35. The number of symbols
used for every EVM calculation is 1000. The electrical signal from the AWG, amplified by the
driver module, modulates an optical carrier, via an MZM, which is injected at the SOA-MZI.
The quadrature point is selected as the operating point of the MZM with Vp;,s = 2.9 V.

In the same way as in the CG experimental setups, the sampled output signal at ports I and
J is filtered by the OBPF, photodetected and amplified by AMP 1.

Due to the Digital Sampling Oscilloscope (DSO) limited bandwidth (about 1.5 GHz), the up-
converted RF signals at 9.25 GHz and 39.25 GHz at the SOA-MZI output are down-converted to
IF signals at 550 MHz by an electrical mixer. The electrical power of the local oscillator signal at
frro is 13 dBm. The electrical mixer is characterized by a 10 dB conversion loss. Before the DSO,
the up-converted signal is filtered by a 1 GHz electrical filter and amplified by a 40 dB electrical
amplifier (AMP 2). After the signal digitization by the real-time DSO, a Vector Signal Analyzer
(VSA) software demodulates the complex-modulated data and it also assess the quality of the up-
converted signals by calculating the EVM. During the EVM measurements, adaptive equalization

was applied in VSA which removes linear errors from modulated signals by dynamically creating
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Figure 4.22: Complex modulation measurement setup for Switching architecture. AWG: Arbi-
trary Waveform Generator. DSO: Digital Sampling Oscilloscope. VSA: Vector Signal Analyzer.
(1) denotes the direction of transmission from SOA-MZI output ports I and J alternatively to

the VSA. Reproduced from [1] (© 2020 IEEE).
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Figure 4.23: Complex modulation measurement setup for Modulation architecture. (1) denotes
the direction of transmission from SOA-MZI output ports I and J alternatively to the DSO.

Reproduced from [1] (© 2020 IEEE).
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and applying a Finite Impulse Response (FIR) (feed-forward) compensating filter. The options
used in this equalization filter are 21 for filter length and 10~7 for convergence limit. Before
every measurement, adaptive is set to run, in order for the VSA to use the results to calculate
the filter coefficients and after some seconds when EVM is quasi-constant, adaptive is set to
hold, and the measurement is taken.

The EVM measure is related to the BER with Equation 4.30, and the acceptable limit is
defined as the value that provides an equivalent BER of 3.8 - 1072, which guarantees error-
free performance after applying Forward Error Correction (FEC) techniques [12]. This limit is
different for QPSK and 16-QAM modulation formats as indicated by a dashed line in Figures
4.24 and 4.25. These figures show that the up-converted signals at 9.25 GHz and 39.25 GHz using
the Modulation architecture have very similar quality in terms of EVM, in contrast to significant
differences observed when using the Switching architecture. This is explained by the small-signal
equation analysis presented in 4.1 and stems from the different principle of operation of the two
architectures. Using the Modulation architecture, we can perform up-conversion even at high

harmonics without significant degradation of the up-converted signal quality.

Switching 9.25 GHz Switching 39.25 GHz
—~&— Modulation 9.25 GHz Modulation 39.25 GHz
—@®— Input 0.75 GHz

40

BER = 3.8-107
35
30
25

20

EVM (%)

15
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0 128 256 384 512
SR (MBaud)

Figure 4.24: EVM vs. SR comparison between Switching and Modulation architectures for fre-
quency up-conversion of QPSK-modulated data at 9.25 GHz and 39.25 GHz. The EVM of the
input signal at 0.75 GHz to be up-converted is plotted as a reference. The insets depict constel-
lation diagrams at specific points. EVM acceptable limit is indicated by the horizontal dashed
line. Reproduced from [1] (© 2020 IEEE).
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In Figure 4.24, for QPSK-modulated data, an SR = 512 MBaud is achieved for frequency
conversions from 0.75 GHz to 9.25 GHz and from 0.75 GHz to 39.25 GHz under the FEC limit
of 3.8 - 1073 when employing the Modulation architecture. On the other hand, the Switching
architecture performance deteriorates rapidly as the SR increases, reaching the limit of EVM =~
35% for the conversion towards 39.25 GHz and approximating EVM = 25% for the conversion
towards 9.25 GHz at an SR = 256 MBaud. Measurements at a SR = 512 MBaud for the
Switching architecture for the conversion to 39.25 GHz and even to 9.25 GHz have resulted in
significantly distorted constellation diagrams and EVM values higher than 37%, and therefore
they have not been included in Figure 4.24. Comparing the inset constellation diagrams in Figure
4.24 it can be deduced that the QPSK signal for the Switching architecture between 9.25 GHz and
39.25 GHz is significantly deteriorated even for a lower SR values, whereas comparing the inset
constellation diagrams for the Modulation architecture it can be inferred that the QPSK signal
for the Modulation architecture between 9.25 GHz and 39.25 GHz remains almost unchanged
and clear. Furthermore, it is observed that the higher CG for the Switching architecture than
for the Modulation architecture for the frequency conversion to 9 GHz in 4.2 does not translate
to a better EVM for Switching architecture. This is due to the high distortion of the sampled

signal that stems from the limited carrier lifetime in SOA1 as explained in detail in 3.1.1.1.
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Figure 4.25: EVM vs. SR comparison between Switching and Modulation architectures for fre-
quency up-conversion of 16-QAM modulated data at 9.25 GHz and 39.25 GHz. The EVM of
the input signal at 0.75 GHz to be up-converted is plotted as a reference. The insets depict
constellation diagrams at specific points. EVM acceptable limit is indicated by the horizontal
dashed line. Reproduced from [1] (© 2020 IEEE).

In Figure 4.25, an SR = 128 Mbaud is achieved for 16-QAM modulated data with the
Modulation architecture for frequency conversions from 0.75 GHz to 9.25 GHz and from 0.75 GHz
to 39.25 GHz under the FEC limit of 3.8 - 1073, The same holds for the Switching architecture
for frequency conversions from 0.75 GHz to 9.25 GHz. Conversely, for frequency conversions
from 0.75 GHz to 39.25 GHz only an SR up to 32 Mbaud is acceptable. It is worth noting that
if the 16-QAM constellation diagrams in Figure 4.25 are more closely observed, it is realized
that their shape is not perfectly squared and that the demodulated symbols corresponding to
the four diagonal outer points are misplaced towards the center, thus giving the impression that
the constellation diagrams are compressed to the center of the constellation. This is a clear sign

of amplitude distortion. On the contrary, no clear sign of phase distortion is observed.

16-QAM modulation is more demanding as the Euclidean distance between symbols in the
constellation diagram is smaller [12]. Thus, the highest acceptable SR for QPSK is 512 MBaud
(bit rate equal to 1 Gb/s), while it is 128 MBaud (bit rate equal to 512 Mb/s) for 16-QAM.
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Figure 4.26: QPSK electrical spectra corresponding to the frequency conversions at 9.25 GHz
(a) and at 39.25 GHz (b) for Switching architecture , as well as the electrical spectrum of the
signal to be up-converted (c) with SR = 64 Mbaud. Reproduced from [1] (© 2020 IEEE).

Finally, the QPSK electrical spectra which correspond to the frequency conversions at 9.25
GHz and at 39.25 GHz for the Switching architecture, as well as the electrical spectrum of the
input signal to be up-converted with SR = 64 Mbaud is shown in Figure 4.26(a), (b) and (c),
respectively. All three spectra are measured by the VSA. According to Equation (4.27), for SR
= 64 Mbaud and for roll-off factor o« = 0.35, BW = 86.4 MHz, which is approximately the value
observed in the electrical spectra. Furthermore, the SNR measured by the VSA is depicted in
every spectrum. As expected, that the SNR values provided by the VSA are approximately the
same with the ones observed in the electrical spectra. It is also worth noting that by replacing
the SNR values in Equation (4.29), the corresponding EVM values of Figure 4.24 are retrieved,

meaning that for the spectra of Figure 4.26 white noise is the main source of measurement error.
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4.4 Conclusion

A theoretical and experimental analysis of the performance differences between Switching and
Modulation architectures of a SOA-MZI photonic mixer used for frequency up-conversion pur-
poses have been presented. In the theoretical part, a closed-form expression has been derived
for the C'G, which provides qualitative insight into this metric of the two architectures as higher
harmonics of the sampling signal participate in the frequency conversion. In the experimental
part, a C'G equal to 16 dB is achieved for the 1 GHz to 9 GHz conversion when employing the
Switching architecture, while a CG equal to 9 dB is achieved for the 1 GHz to 39 GHz conver-
sion when employing the Modulation architecture. The matching between the experimental and
theoretical results for the C'G is very good. The conversion of complex-modulated data signals
has also been realized by the photonic microwave mixer. A sufficiently low EVM for QPSK and
16-QAM modulations is obtained when employing the Modulation architecture for both 0.75
GHz to 9.25 GHz and 0.75 GHz to 39.25 GHz frequency conversion. This allows to support a
data bit rate equal to 1 Gbps and 512 Mbps for QPSK and 16-QAM, respectively.
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CONCLUSIONS AND PERSPECTIVES

In summary, a photonic sampler was theoretically and experimentally studied. The module em-
ployed as sampler was based on a Mach-Zehnder interferometric structure bearing in both arms
semiconductor optical amplifiers (SOA-MZI). This module was combined with a mode-locked
laser (MLL), which was used to provide the sampling pulse sequence of short and very short
pulses with Full Width at Half Maximum (FWHM) of 12.6 ps or 1.6 ps. The operation of SOA-
MZI is purely photonic. This implementation with SOAs has the advantages of providing gain
at the output and a high Extinction Ratio (ER). Additionally, the proposed module enjoys the
benefit of low temporal jitter, high flexibility and adaptability while it has a direct compatibility
as an all-optical one with the optical fibers without the need of slow opto-electronic conversions.

A key point during the thesis work was the conception and study of Modulation architecture
for the SOA-MZI photonic sampler, in addition to the well known Switching architecture, by
interchanging the input ports in which the sampling signal and the signal to be sampled are
injected in the SOA-MZI. This seemingly insignificant change alters significantly the behavior of
SOA-MZI sampler and each architecture presents different advantages and disadvantages. The
major advantage of the Modulation architecture is that the frequency content of the sampling
MLL signal is not limited by the Cross-Phase Modulation (XPM) as is the case for Switching
architecture, potentially enabling the use of very high sampling rates up to 100 GHz or more.

In chapter 2, general information were provided and key parameters were specified regarding
optical sampling and the SOA device. In addition, the principle of operation of more advanced
systems were explained in detail, where the photonic sampler can be used as a building block,
such as in an Analog to Digital Converter (ADC) or in a Radio over Fiber (RoF) system as
a photonic sampler mixer. Furthermore, a detailed derivation of the SOA-MZI equations were
presented. Moreover, a theoretical performance analysis of the static and dynamic characteristics
of the SOA-MZI in general, as well as the experimental static and dynamic characteristics of the
SOA-MZI used in this thesis were illustrated. Theoretically, analytical expressions of the ER were
obtained at both SOA-MZI output ports. Experimentally, ER was evaluated and found equal to
19.3 dB and 9.73 dB at SOA-MZI ports J and I, respectively. Moreover, the XPM bandwidth
of the SOA-MZI module were evaluated for different wavelength and power combinations and
found for all cases examined between 5-5.9 GHz.

In chapter 3, the sampling process with the use of the SOA-MZI photonic sampler is in-
vestigated. In this context, the principle of operation of the two architectures of Switching and

Modulation were demonstrated and their advantage and disadvantages were specified. Moreover,
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the response of the SOA-MZI photonic sampler in the quasi-static i.e., sampling Continuous
Wave (CW) signals for a range of powers from -40 dBm to +3.7 dBm and dynamic regime i.e.,
sampling sinusoidal signals with Modulation Indices (M) equal to 20%, 40%, 60% and 80%,
was investigated employing the Modulation architecture. The significant deterioration of the
sampled signal’s linearity in terms of THD made pertinent the need of a linearization method.
Thus, a post-distortion linearization technique was developed theoretically and applied exper-
imentally in order to improve its overall performance. The linearization model is based on the
static regime equations of SOA, and thus it has the advantage of lower complexity compared to
a model based on dynamic equation of SOA. This approach, however, is limited by the fact that
the effectiveness of the method decreases as the frequency of the signal to be sampled increases.
The potential improvement in terms of Total Harmonic Distortion (T'H D) using the lineariza-
tion technique was estimated at 19.6 dB for sinusoidal signals with M I between 20% and 80%.
Experimentally, this improvement was verified for a sinusoidal signal to be sampled at 250 MHz
with M T = 80%. Also, a significant improvement in terms of 7"H D was observed experimentally
for sinusoidal signals to be sampled, at 250 MHz and at 500 MHz with M I equal to 40%, 60%
and 80%, and at 1 GHz and at 2 GHz with M I equal to 60%.

In chapter 4, the SOA-MZI photonic sampler used as a frequency mixer was theoretically
examined by developing a small-signal analysis model, and experimentally evaluated and vali-
dated using Switching and Modulation architectures in terms of Conversion Gain (CG). In the
theoretical part, an expression in closed-form was derived for the CG, which provides qualita-
tive insight into this metric of the two architectures as higher harmonics of the sampling signal
participate in the frequency conversion. In the experimental part, frequency up-conversion of a
sinusoidal signal from 1 GHz to 9 GHz and to 39 GHz were evaluated in terms of CG. A CG
equal to 16 dB was achieved for the 1 GHz to 9 GHz conversion when employing the Switching
architecture, while a C'G equal to 9 dB was achieved for the 1 GHz to 39 GHz conversion when
employing the Modulation architecture. Furthermore, complex-modulated data with Quadrature
Phase Shift Keying (QPSK) and Quadrature Amplitude Modulation with 16 states (16-QAM)
of different Symbol Rates (SR) were up-converted from 0.75 GHz to 9.25 GHz and to 39.25
GHz and the quality of the up-conversion provided by the SOA-MZI photonic sampler was
evaluated in terms of Error Vector Magnitude (EVM). A sufficiently low EVM for QPSK and
16-QAM modulations was obtained when employing the Modulation architecture for both 0.75
GHz to 9.25 GHz and 0.75 GHz to 39.25 GHz frequency conversion. The maximum bit rate that
meets the limit for error-free communication via Forward Error Correction (FEC) was achieved
using the Modulation architecture and is 1 Gbps and 512 Mbps for the QPSK and 16-QAM

architecture, respectively.

Although interesting results have been demonstrated in this work, we suggest some points

to be addressed that would be a possible extension of this Ph.D work listed in the following.
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Regarding the SOA-MZI sampler in general:

o Utilization of the SOA-MZI photonic sampler as a constituent part in a complete pho-
tonic ADC design with time-division, with regular time-to-wavelength mapping and with
modified time-to-wavelength mapping employing time-stretching (TS), similar to the ones
presented in chapter 1. Integration of the SOA-MZI sampler in such a system would permit
to exploit the full potential of an optically sampled and electronically quantized ADC.

« Utilization of the SOA-MZI photonic sampler as a frequency mixer component in a com-

plete RoF design, similar to the one presented in chapter 1.
e Study of the influence of real data in the application of linearization method.

o Application of different methods of linearization and comparison with the post-distortion

method developed during this thesis work.
Also, regarding the application of frequency mixer:
e Up-conversion to over 100 GHz using the Modulation architecture.

e Thorough study of the influence of SOA Gain, differential carrier lifetime and saturation

power variation in C'G using the small-signal analysis model.
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EKTENHY ITEPIAHVH XTA
EAAHNIKA

Tithog SrateBric otae EAANvixd:

Ontixy dewypatoAndio Baciouévn o cupfBordpetpo Mach-
Zehnder pe ontixoVg evioyuvTég MutaywyolL (SOA-MZI) yio
AVAANOYIXES EPARLOYES.

1 Kivntea xow Xxondg ‘Epeuvacg

Tic televtaiec dexaeties, 1 epeuvnTixf teptoy e QwTovixic uixpoxuudtony (Microwave Pho-
tonics - MWP) éyel npooehxioel peydho evdiagépov xou €xet eZehyVel oe onpovtind Badus. H
MWP opileton wg 10 Siemiotnuovixd nedlo mou cuVOLALEL antd TIC NAEXTPOTTIXEG XO OLY WS OTTI-
%€ OUOXEVES, LOVABES X0 CUC TAHUATO UE TNV TEYVOROYIA UXEOXULUATWY. AdYe Tng BIMANC @plong
NG, EMUTEENEL TNV EXTENEOT) OPLOUEVKY AELTOURYLOV E(TE GTO MAEXTEXO Elte 0TO OomTXd eninedo.
H emhoyn petodd twv 8o emmédwy e€aptdton and tny oloAdyNon TwV TASOVEXTNUATWY XL TWV
TEPLOPLOUWMY TNG CUYXEXPWEVNS NAEXTEOVIXTG 1) OTTIXAC HoVAdag Ttou efvan Stordéaiun Yol To 6X0omo
autd. To xiviteo Yo T YeroT OTTXDY HOVADBWY OE CUC TAUNTA IUXPOXUUATLY TOU avTXHo TOLY
TIc avTioTolyeC NAEXTEOVIXES Efval OTL OL OTTIXEG LOVADBES UTOPOLY VoL ETWw@EAIO0Y dueca and To
peYdho ebpog Livng, T yoNhéC amdAeleg xan TNV UPNAY avooio 0TI NAEXTEOUAYVNTIXEC ToPEU-
Boréc (Electromagnetic Interference - EMI) twv ontixdv waov. To teheutaia ypdvia, €xet yivel
ULt EVTOTIXT] TEOOTAUELRL VLot TNV EPELUVA VEWY TEYVIXDV PWTOVIXNC UUXPOXUUATMDV YLol BLOPORETL-
%€ EQUPUOYES. M YEVXES YRUUMES, Tot VEUATA TOU XAAUTTOVTOL ol TNV POTOVIXY] IXEOXUUATODYV
TEPAPBAVOUY PWTOVIXT TPy WYY UXPOXUUATIXDY Xl YINOC TOUETEIXMY ONUdTeY (mm-wave),
HETATEOTH cuyvoTHTLY ot ufmAidtepes (avépdwon cuyviotntag) 1 oe younhoTtepes ouyvotnTes (U-
TofiBoaopuds cuyvoTNTS), oTTXd EAEYYOUEVES Xepalec ouoTtolylag @doewy (optically controlled
phased array antennas), uetddoomn padioxvpdtwy téve and ontxéc iveg (Radio over Fiber - RoF)
X0 PwToViXoUG petatponelc and avahoyixd ot ¢meuaxd (Photonic Analog to Digital Converter -
PADC) [1-3]. H MWP unogei va yenowwonomdel yio egoppoyéc oe eupulemvixd dixtuo acbpuatng
Tpocfaong, oe dixTua AoINTALKY, GTIC BOPUPORIUES ETUXOVWVLLY, O TUALOYEAPOUS TOAD LYNAOY
ebpouc Lidvne, oe ovothuata 5G, oe pavtdp, oto dadixtuo Twy Tpayudtwy (Internet of Things -

IoT) xoddde xou o€ cuoTAATE MAEXTEOVIXOV TToAéRoU [4-8].
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Extevic nepidndm oto EXAnvind

‘Eva Booixd pmhox Sldypaupa EVOC CUCTAUATOS QPWTOVIXASC UIXPOXUUATWY amelxovileton 6To
Eyfua 1. Evo ofue elo6dou oto medio towv padtocuyvotitwyv (Radio Frequencies - RF), to o-
noflo puduiletol 0wWO T and €va NAEXTEUO HOXAWUA OB YNONC, UETATEENETAUL OTOV ONTIXO EMUTESO
amd évay Nhextpo-onTtixd dauoppnty (Electro-optic Modulator - EOM). Etnv cuvéyeia to oo
petodideton uéow wiag omtxhc tvag xou axohoviwe utofdiheton ot encéepyasia and POTOVIXES G-
oxevég. To enelepyaouévo ofuo ueTadidetar Xt AL HECK WaS OTTLXAC (VoG Xou PETATEERETOL Eorvd,
ooV NAexTEO entinedo and évav puTo-0éxtn. To tehixd RE ofuo e€68ou howfdveton yetd ano
AT ene€epyacio oto nhextewd eninedo. To ohua elo6d0uL 1| To oha e£660L 1) o Tar 800 Vo
unopoVoay va Angdoly 1 va petadoVolv and uia xepaia, 6nws cupBalvel cuVATKE 0To CUC THUATO

RoF.

RF orjua etob6d0u

Koxhoua

00N ynong
l O/E
Ontueh| | Hhextpo-Ontixde ( Z ( ) Omntinn ( Z { ) [ dwro-
Iy OLUOPPWTAS Ontuef | enelepyaoia/hertovpyia | Omtind | Séxang

Tva Tva [
E/O

RF

enelepyaoia

l

RF oy
e€680L

Yyhua 1: Baowd pmhox Sudypaupa EVOE LS THUATOS POTOVIXTS xpoxupdtony. H nhexteuny| xohw-
dlwomn xan To TEPlY P TV NAEXTEXDY CUCXEVMY EIVAL UE UTAE YPWUA, EVE Ol GUVOETELS OTTIXY
VOV XL TO TERIYQOUUO TWV PWTOVIXWY CUOXEUMY Xl LoVAdwY elvar oe padpo yewua. Eniong, ta
neptypdupato tou Hextpontixot diapoppwti (EOM) tou petatpénel to ofjua amd to nhexteixd oe
onuxé otpmpa (E/O) xou tou pwtodéxtn nov extelel 1o aviiotpogo (O/E) eivar o padpo ypdua.

Ye auto To MAakolo, xou TEOXEEVOL Vo enexTardel 1) BuVITOTNTA Xo 1) EVEMELX EVOC GUGTAUATOG
MWP, 1 avdntuén evog UTOGUGTAUNTOS GTO OTLTLXO eninedo yio TNV exTtéAeon Tne dadixaciog g

derypatorndiog etvon Lotig onuaciag.

2  Ontuxy devypotoAndia

H ontuer devypotorndio avagpéoetar ot Uiot xatnyopiot TEYVIXOY OTOU Tol OTTXE ouaTa, cUVATKG
UE TN Hop®T) TOAD CUVTOUWY TOADY, YENOWOTOoUYTOL Yial Th detydortohndlo nAexteixdy 1 onti-

%0V onudtov. Apywd, n dadixactio derypatondlog emttehodvtay oTto nhexteind eninedo, yeyovog
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2. Ontier Sevypatoindio

mou eunodille Ty adénom tne anodotixdtnTac e e€ontiog Tou mEplopiopévou evpoug LMNg Twv
NAEXTEXADY XVUATOONYOY Xt TNe avdnuévne dtaxdpoavone ypoviopol (jitter) twv nAextpovixmv
TohovTwTOY [1, 2]. Qotéoo, teheutain, 1 derypotolndion oto onTixd eninedo Exel xataoTel W eA-
XUO TN TEYVOAOYIXY EVORAXTIX AOYW TN LXAVOTNTAS TNG VAL GUVBUALEL TOL TAEOVEXTHUOTAL TWV
oY VOV (ounhy) e€acVévnon, peydho edpoc TMdVNE xAT.) Ye TN duvatdtnTa Xehone evog ya-
unAfic Stadpovone ypoviopol Aélep eyxheldwone tpénwy (Mode-Locked Laser - MLL [9, 10] yio
™V napaywyt Tou ofuatoc devypatoindioc [11-13].

H Xertoupyio tng derypotorndiag etvon Yepehinddng xan yenowonolelton oe yeydho optdud epop-
poyov. Mepinég Tumixég eQoppoyés TNe omTixic derypotohndlog etvou:

1. Metatporneic and avahoywd oe Pngroaxd ye pudpoie derypatodndloag dexddeg Gigahertz. E-

popUoYES ot pavTdp eupeiag {OVNG, OF ETUXOWVGWVIESC OTTIXWY VOV X0l GE TOAUOYEAPOUC.

2. XopaxTnelopog TAALOCELRMY UE TOAD Uixpd €VPOC TOAUDY NG TAENG TWV PS Ue eEalpeETIXd
udnhoie puduoile enavdindng, 6mwe cuuBolvel T.y. OE CUCTAUATO ETIXOWVMVING OTITIXMY VWY

ue yeovixh molunhedia.
3. Anuovpyio lXEOXLUATIXOV X YLNOCTOUETRXOY CTUATWY.

IToAréc Aertoupyieg €youv avamtuydel ta Teheutalar YEOVIAL Yol EQUOUOYES QPWTOVIXAC ULXPO-
XUUATWY YENOWOTOWOVTOG OTTIX0US EVIoyUTéS Nuaywyol (Semiconductor Optical Amplifiers -
SOA) eite yepovouéva eite evonpatouévous ot ouvuBoropetouxt] dour Mach-Zehnder (Semicon-
ductor Optical Amplifier — Mach-Zehnder Interferometer - SOA-MZI). Autéc oL ToAUAELTOURYIXES
cuoxeVES TaPOLGLALOUY TERECTIO PaoUATIXG €0p0G Aettoupyiog xou UPNAT un Yeouuixy) cuUTERL-
popd. Emmiéov, €youv t0 mAgovéxtnua Tou pixpol Yeyédous xou umopolyv vo evowpatwoly elte
povohixd eite UBEWBWE pe dhha nhextexd eapthiuato xou datdielc padioouyvothtwy [14, 15].

To Vépa tng dratpBric eotidlel otny dudtagn tou SOA-MZI, evoc oy de pwtovixo) 8ogocToL-
Yelou, Tou yenowlomoteltal Yo Toug oxomolE NG PwTovxhc derypatolndlac (Zyfua 2). Auti 7
dlatelf3n amooxomel vor xohOder To xevd g yenone g wovadag SOA-MZI we gutovixol deryua-
TOMATTY OT1) V€T GAADY NAEXTEOTTUXDY DELYUATOANTITOV OTWE T.Y. O NAEXTEOTTINOS DLOUORPWTAG
Mach-Zehnder (Mach-Zehnder Modulator - MZM) nou elvon 1 mo ouy v emhoyh. Me autédv tov
100, %eEdilouUe TO TPOGYETO TAEOVEXTNUA TOU VO XATUC THOOUHUE TO POTOVIXO OELYUATONATTY
ot TAEWS OTTLXY) LOVADX, BUVOVTAS TNV BUVATOTNTA Vol ATOQPUYOUNE TIC ETUTAEOY NAEXTEOTTIXES
peTateonég LYol x6GTOUG.

To ontxd ofua derypatorndloc (sampling signal) mou yenowonoteiton Topdyetar ond éva e-
vepY6 laser eyxheldwone tponwy active MLL). Avo apyitextovixée elvon duvatés e To QuTovixd
derypatorintn SOA-MZI, ou apyttextovixéc Switching xou Modulation. H mpodtn apyitextoviny e-
tvan xohd edpanwpévn Yo tov SOA-MZI, eved ) Sedtepn elvon véa xat yenotloTole(Tton YL TemTh Qopd

xatd TNV Sudpxeta authc TS dateBric. Enlong, oe avtideon pe tig nepiocdtepeg oyetinég Epeuveg,
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Extevic nepidndm oto EXAnvind

Yo devypotorndiog
HHHHHH AelyoTtoANmTnUEVO
ot o
f T i T SOA-MZI
b il
| —

Yuo mpog >
N AATAA

deryportorndio
ifck * fdat

4 fdat

[Y

Eyfuar 2: Eymuotind didypopuo pwtovixol detypatolintn SOA-MZI.

OVOADOVTOL EXTEVEME TAL TELROHATIXG amoTEAEcUaTA TNG derypatorndlac oto nedio tou yedvou. Emi-
Théov, o péodog YeoUULXOToNoNG TNS AmdxEloNe ToL PuTovixoL detypatorinty SOA-MZI ue
petenelepyaoio (post-processing) dtatundvetan YewenTixd xon eQapuoleTon TEROHATIXS Yio TEWMTN
(Qopd.

O gutovindg derypatorrtne SOA-MZI unopel tehixnd va evonuotwiel kg povdda oe o ohvide-
Ta ovoThuaTa. O gwtovixdg derypatorining SOA-MZI uropet va yenowonomdel yia tny extéreon
e Owadixaciog derypoatoindlac oe éva PADC elte pe molumiedia Sadpeone yedvou eite ye mo-
AumheEio e avtiotolyon yedévou oe uhRxog xbuatoc (time-to-wavelength mapping) mopdupolo pe
oauth oty avagoed [11]. Emmiéov, o pwtovixde derypatorintne SOA-MZI unogel va yenouomnol-
noel we wixtng ovyvothtwy elte vyl avopdwon eite yia unoPifBacud cuyvotnTag unoctnellovtog
TEOGVETWS TNV BUVATOTNTA UETATEOTNAS ATO UL CUYVOTNTA OF TOANATAEG CUYVOTNTEC OE ULt TAY|E)
epapuoy RoF mapduolo ye autiy tou Eyfuatog 3. Xtic npoavagepieioe eqopuoyég, To TEoTEL-
VOUEVO 00O TNUO AmOAAUPBAVEL TO TAEOVEXTNUA TOU youniou jitter, eved petatpénetl ta avtioTolya
NAEXTRPOTTIXGA U THUATA OE TANEWS OTTLXA.

Ot xupLdTEPOL GTOYOL TN TREOTELVOUEVT] EPELVAC 1TAV:

1. A&woldynon anddoorne tne dradwaciog derypoatohndloc Tou gwtovixol deryuatorfntn SOA-
MZI, axoloudoluevn and texvixy| ypouuixomoinong post-processing mpoxeldévou vo BehTi-

otomounVel 1 Aertoupyla Tou.
2. AZoh6YNom anddoomng SLUPORETIXMY APYITEXTOVXWY UE BAOT TOV QWTOVIXO OELYUXTOATTY

SOA-MZI yio tnv eopuoyt) Tou uixtn yio avopdwor cuyvotnTog o€ YewpnTxd Xol TELQOUA-

6 eninedo.
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3. Iewpopatinde yopuxtnelopos tou detypoatorrintny SOA-MZI

Tounég
dwtovinde
AetypatoAinTng
O/E
dwro- | PihTpdpiopa
Aéxtneg " xou evioyuon RF
ofpa
i \LAémng /
O/E ; —— ITounde
IF ohua HAextpo-Ontindc . Sintpdpiopa
+YYI1 Omtuinn Aopop@ntic xau evioyvon
Tva
PwTovinde EZ\\:
AetypatoAinTng
Aéxng

Yyua 3: Evowudtworn Tou goTovixol SELYUATOAATTY (OC WX TN 08 GUCTNHUA PUOLOXUUATOY TAVE oro
onuxy| vt (RoF). Ou nhextpinéc xoahwdLOOELS X0t TO TEPIYPAUUUO TV NAEXTELXDY CUOXEUGOY £lval
YEWUATIOUEVES UE UTAE YPOUA, EVE OL GUVOETELS VMV X0 TO TEQLYQOUUOL TWV POTOVLXMY CUCKEUGDY
XL HOVAOWY elvan YpwuaTiopéveg pe padpo yeoua. Emiong, to meplypouuo tou @oTodéxTtn Tou
extelel TN petatpon| and Tov ontixd otov nhexteixd touén (O/E) elvon ypwpotiopévee ye padpo
yewua. TEIL: Tdmhotepo e IF Xuyvotixd Ilepieyduevo.

3  Ilepopratindg yopaxtneloiog Tou detypatoAnntyy SOA-MZI

Apywxd diepeuvdrtan 1) Slodixacia derypatorndiog ue tn yerion tou gwtovixo derypatorintn SOA-
MZI. Y7o mhaicio autd, xatadelixvieTton 1 apyn Aettovpylag Tewv dVo apylTexTovixwy Switching xou
Modulation xa npoodiopilovton ot TheovexThuata xou Tor petovexthuatd toug [16]. Eva Poowxd
onuelo xatd T didpxeta NG SwateBnc etvan 1 cUAANDT NG 1WBEAC YIoL LAOTIOIMOT UL AEYITEXTOVIXNS
Modulation ywa tov @wtovixd derypoatorfntn SOA-MZI emniéov tng YVOOTAC 0p)ITEXTOVIXNG
Switching ye v evodloyy) v Yupdv eilcddou oTiC onoleg To oo detypoatoindiog xou To TEog
derypatoandio oo ewwdyovton otov SOA-MZI. Auth n @ouwvopevixd achuovtn ahhayr odrdlel
onpavTxd TN ouuneplpopd tou derypatodfntn SOA-MZI xou n xdde opyitextovixy| nopouctdlel
OlapopeTnd TheovexTidota xou Yewovextiuata. H apyitextoviny Switching €yet to petovéxtnua tng
umofddutong e dladixaciog derypatorndlag, xodng o pudude derypatoindiog xou dpo 1 cuyvoHTNHTA
enavdhndne tou MLL au&dvetar Adyw tng menepacuévng dudpxetag Lwhg twv @opény tou SOA
mou avtavaxidton oto bpog Lwvng XPM xou mepopileton oe Ayo GHz. And tnv dhAn pepid, 7
apyrtextovixry Modulation emitpénel v yprion moAd uPnidy pududy derypoatorndlioc e té@Eng

wwv 100 GHz % xau neplocdtepo epdoov n cuyvétnta enavdindng tou MLL xou yevixdtepa o
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CUYVOTIXO TOU TEQLEYOUEVO BEV PIATRAEETOL UG TO (PUUVOUEVO TNG SLUCTAUPOVUEVNS BLAUORPWOTNG
pdong (Cross-Phase Modulation - XPM).

Yty ouvéyela, dievpeuvdton 1 amdxplon Tou puTovixol derypatorintny SOA-MZI oe ouwwvel
otauxd xadeotde (quasi-static regime), dnh. derypotohndia cuveyolc ofuatos (Continuous W-
ave - CW) vy éva €0poc oybwy and -40 dBm éme +3,7 dBm xou Suvopxd xadeotde, dnA.
derypatodndio nuitovoedmy onpdtwy pe deixtec dapbppwone (Modulation Index - MT) icoug
we 20%, 40%, 60% xou 80%, yenorponowdvtog v apyttextovixy Modulation. To ebpog nuioelog
woyvoc (FWHM) twv mokudv tou ofuatog Serypatohndioac mou yenowwonoteiton xotd tnyv didpxeto
TOU TELPAUOTOC PeTEdToL ota 12,6 ps xou 1 ouyvotnta enavdindne tou MLL puduiletar oto 10
GHz. H onuavtixy) emdelvwon g YeoxOTNTAC TOU BELYUATOANTTOUUEVOU GYUATOS TOCOTIXO-
TOLOVUEVY], ¢ TROG TO UETEXO NS oAic appovixiic topapdppwone (Total Harmonic Distortion
- THD) xodotd avayxaio Ty yehon wac pedodou ypopuxoroinone. ‘Etot yio teyvind ypouut-
xomoinong post-processing avantiooetan Yewpnuxd xat e@auploleTol TELUUATIXG TPOXEWEVOU VAL
Behtidoel Ty cuvoly| tne anddoaor. To povtého yeauuxonoinone Poaocileton otig e€lodoelg 6To-
Tixo0 xadectdhtoc (static regime) tou SOA xou ENOPEVOC €YEL TO TAEOVEXTNUA TNS YUUNAOTERNC
TOALTAOXOTNTAC OE GUYXELON HE GANa povTéha ou Bacilovta ot eEloMoels BUVOULXOU XAIECTMTOG
(dynamic regime) tou SOA. ITopdha autd, e€outiog AUTAC TNS TPOCEYYIONG, 1) ATOTEAECUATIXOTNTA
e uevddou perwvetar xadog audveTton 1 cuYVOTHTA Tou TPog derypatolndla ofuatog. H uéyiotn
Tpoadoxmuevy Bedtiwon Beitiwon tou petpxol THD pe yenon g TeVIXNAC YeuuuLxoTolinong
unoloy(leton ota 19,6 dB yio nuitovoedn ofjpota ye M1 petadd 20% xou 80%. Hewpopotind, oauti
1 Behtiwon enakndedeton yia deryporohndio nuitovoedois ofuatog ota 250 MHz pe M1 = 80%.
Enlong, onuavtu Beitiwon wg mpog to THD mopatnee(ton TELQOUATIXG YLl NULTOVOELDY| OHUATO
npoc derypoarolndio, oto 250 MHz xou ota 500 MHz pe M1 ico pe 40%, 60% xon 80%, xou 670
1 GHz ye M1 ico pe 60%. Extevéc xoppdtt avtic tne epeuvntixfic epyaociog dnuootedTtnxe oto
neptodd Optics Express [17].

4 OceswpeNTIXOC XAl TELPAUATIXNOG YALAKTNPLOUOS TOU SELY Ua-

ToAnntn SOA-MZI wg pixtn

O gwtovinodg detypatorintng SOA-MZI emitehdvtag tng dadixacio tng wEng cuyvotntog e&etdle-
o YewpenTind avantdocovTaS €val HOVTEAD AVIAUGTC Uixpol ofuotoc To omolo xou agloloyelton
TEELPAUOTIXG X0l ETULXUPOVETOL YENOWOTOLOVTAS TIC opyttextovixéc Switching xou Modulation g
TPOC To PETEXO Tou Xépdouc petatponic (CG). Lto Yewpntind Yépoc, TEOXUTTEL Wit EXPEACT, OE
xhewo Y| woppt yia 1o C'G, 1) omola tapéyel tooTixr| eidva 6to C'G Twv 800 dpyLTEXTOVIXGY Xoddg
VPNAOTERES dPUOVIXES TOU OTjaTog Belyotorndiog CUPUETEYOLY OTN UETATROTY cUYVOTNTAG. Xen-
OLLOTIOLOVTAC AUTAY TNV ExPeacn XAELo TS Hop@nc uropolue va tpofBAédouue tny anddoor oe CG

Yol EVAL YVOO TO 6UVOAO Tapa€Temy Tou SOA xou omtxdy oy lwy oTic eloddouc Tou SOA-MZI, xa-
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5. Baowxol d€oveg xou emtedypota tng dlatplPnc

Ve xan avtloTpopa UTopolue Vo ETAEEOUNE TG XPIOWIES TUPUUETEOUS TOU OYNUATOS TEOXEWUEVOU
VoL BEATIC TOTOLACOVUE TNV AmdBOCT) TOU YETATEOTEN GUYVOTNTAC. 2TO TELOHATIXG PEPOC, TO EVPOC
nuioelag woyvoc (FWHM) twv modudv tou ofjuatog devypoatohndlag etvan 1,6 ps xou 1 ouyvétnta
enavdindng tou MLL Htov 10 GHz. H avépdworn cuyvétntoag evog nuitovoetdolg oruatog and 1
GHz oe 9 GHz xou o 39 GHz o&iohoyeitan ¢ mpog 1o CG. CG (oo pe 16 dB emtuyydveton yia
) petatpony) and 1 GHz oe 9 GHz xatd ) yprion tne apyitextovixrc Switching, evey CG (oo pe
9 dB emtuyydveton yio ) yetatpont) and 1 GHz oe 39 GHz xotd tn yenon e apyltextovixnic
Modulation. Emniéov, dlapop@nuévo QEpoy Ue BLodpPemoT HETATOTIONG PAOTC UE TETEUYWVIOUO
(Quadrature Phase Shift Keying - QPSK) xaw cuvduoouévn Swpbppwon mhdtouc-gdone 16 xa-
taotdoewy (16-Quadrature Amplitude Modulation - 16-QAM) Siapopetinddv puiUdY cUUBORLY
(Symbol Rate - SR) petatpéneton and 0,75 GHz oe 9,25 GHz xou oe 39,25 GHz. H nowbtnta tng
UETATEOTAC TROC TA TV TOU TEEYETAL Ao TO PeToVXO detypatolrntn SOA-MZI o&iohoyeita pe
Bdom to péyedog tou diaviopatoc ogdhuatoc (Error Vector Magnitude - EVM). ‘Otav yenowo-
rotelton 1 apyrtextovint) Modulation €va apxetd younid EVM emtuyydveton yio TIC SLUUORQOOELS
QPSK xau 16-QAM xotd tnv petotpont| Tng cuyvotntac tou gopéa tou and 0,75 GHz oe 9,25
GHz xou ané 0,75 GHz oe 39,25 GHz. O péyiotog pududc dedopévmv mou emtuyydvetor ue EVM,
TOU VoL EUTUTTEL OTO 6pLO YiaL ETUXOWVWVI Ywelc opdhuoata YeTd TNV eqapuoyn Texvixv Forward
Error Correction (FEC), eivan {ooc pe 1 Gbps xou 512 Mbps yio QPSK xou 16-QAM Swapopper-
uéva orpata, aviioTorya. Extev xouudtia authc Tng epeuvnurc epyaciag dnuooiedtnxay o€ 800
OleVUvY) cUVESpPLOL UE TEOXTIXE X OTO ETOTNHOVXO Teplodixd Journal of Lightwave Technology
(16, 18, 19].

5 Baowol dfoveg xal emTEDYUATA TNG SLATELPNS
Yuvonuxd, ol Bacwxol d€oveg tne SatpBhc xou Ta emtebypato o xdie dgova elvou:

1. Tevixéc minpogoplec mapouoidlovton xan Booixég mapdueteol xodopllovion oyeTXd YE TNV
ontu| detypatodndio xou ) cvoxeury SOA. Emniéov, enednyeiton Aentouepms 1 apyx g
Aertoupyiag Mo cUVIETWY CUCTNUATWY, OOV O PWTOVIXOS DELYMATOMATTNG UTOPEL VoL YEnol-
poromdel e dopxd otouyeio, dnwe oe Evay petatponéa avoloyixol ot dngoxd (ADC) 1 oe
éva olotnua RoF we gwtovixde pintng derypatorndiog. Axdun, napouctdletar o AeTToue-
efc e€aywyh Twv e€lowoewy Tou SOA-MZI. Eminiéov, napovoidleton wia Yewpntinr avdAuon
TNV AmOB00NG TWV CTATIXMY XL BUVOUIXADY YopoxTneto Tixwy Tou SOA-MZI, énwe xou twv
TELPUUOTIXWY CTATIXOV X0 BUVOLX®Y YopoxTnelo Tixwy tou SOA-MZI nou yenoiwonoieiton
oe auth N SoteBr. OewenTind, avahuTixeg expedocic e€dyovton yio To Yeteix6é Extinction
ratio - ER o7ic 800 Yipeg e€60ou tou SOA-MZI. Iepapoatid, 1o ER Beédnxe (oo ye 19,3
dB xou 9,73 dB ot Yopec J xou I, avtiotowya, yia tov SOA-MZI mou yenowonoteitoan o
auth Tt Slatelr). EmnAéov, to elpog Lwvng XPM tou dopooctoiyeiov SOA-MZI ofiohoye-
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6

{ton ylor BlapopeTeoVg cUVBLACUOUE UXoUE XOUATOC Xt toyLog xaL Bploxeton Yior OAEC TG
nepintoelg mov egetdotnxay Petoll 5-5,9 GHz. Ta oyetxd anoteréopato nopovatalovTal

AVOAUTIXG OTO XEPAANLO 2 TNG SLATEBC.

. H nowdtnta tne nopeyduevng derypoatorndiag and tov gwtovixt povada SOA-MZI agioloyeiton

TELRAUITIXY UE BAoT ATOTEAEGUATO GTO TIEDIO TOU YEOVOUL XAk TNG CUYVOTNTIS XAVOVTAS Yeniom
e VEaC xaL apXETd unooyouevne apyttextovixric Modulation. Ta oyetxd anoteAéopata

TopoualalovTol aVaALTIXG GTo Xe@dAoto 3 TNg Blatelfng.

. Teyvixn yeauuixonoinong ue peteneepyacio avantdooeton xat TUETAL OE EQUPUOYT| TELRUUO-

TIXA BEATLOVOVTAC ONUOVTIXE TNV an6doon Tou detylatorintn we meog tnv THD yio ebpog
OoLYVOTATWY BeryUdaTtoAnTToUuEVOL ofjuatog and 250 MHz — 2 GHz. To oyetixd arotehéopoata

TapouctalovTol aVOhUTIXG 6TO XEPEANLO 3 NS dlateBrC.

. H anédoon tne apyrtextovixic Switching xow Modulation pe Bdon tov guwtovixd deryparo-

Mntn SOA-MZI o&ohoyeitar wg mpog 1o CG Yol TNV €@apUoyy) Tou uixtn xou yio avopdwon
ouyvotnTag NuTovoewoug ofuatog and 1 GHz oe 9 GHz xou andé 1 GHz oe 39 GHz. Ta

OYETIXA AMOTEAECUATA ToEOLCLALOVTOL AVOAUTIXG OTO XEPAANLO 4 NS SLatELBrC.

. Oewentnd povtého uxpol ofuatoc (small signal) avantiooeton xou emixupdveTon Pe Bdom

TELUUOTIXY anoTeEAéoUaTa TO ontolo unopel va tpofAénel tnyv anodoor oe C'G ue Bdon xplol-
uee mapopéteoue Twv SOA mou elvan evowpatwuévolr otov SOA-MZI xodde xou twv 1oybony
elo680L Tou SOA-MZI. AvticTtpoga, ot tapdueteol Tou SOA unopoly va emhey o0V xatdAAn-
Aoy va Behtiotonointel 1 am68001 Tou SetyaTOMTTY w¢ wixTtr. To oyetind anoteAéopata

TopovatalovTol avaALTIXG aTo xepdlono 4 Tng datelfnc.

. H anédoon tne apyttextovixic Switching xow Modulation pe Bdorn tov gpwtovixd deryparo-

Mmrtn SOA-MZI aohoyeiton we mpog 1o EVM yio v egapuoyn tou ubetn xou yio avopdwon
oLy VoTNTaG Pépovtog dopoppuuévou ue QPSK xaw 16-QAM ond 0,75 GHz oe 9,25 GHz xou
a6 0,75 GHz o 39,25 GHz. O péyiotoc pududc dedouévwy yio emxovwvia ywels o@dipoto
uéow yenone FEC, emtuyydveto yenowonowwvtag tny apyttextovixry Modulation xou etvon
toog pe 1 Gbps xaw 512 Mbps yia QPSK xou 16-QAM Siopoppouéva ofjuata, avtictolya.

To oyetxd anotehéopota nopouctalovtal avahuTixd 6To Xepdiaio 4 e StpBrc.

ITpoonTixég Tng SrateiPrg

Av xou €youv emdeiyel evilagpépovta anotehéopato o auTH TNV dlatelPr], TeoTelvouuE oplouéval

onueta mou mpénel v e€etaoToly, Tar ontolar xar Yo amoteroloay wa AV ETEXTACT AUTHS XL

Topatidevton mapaxdte. Lyetxd ye tov detypatorintn SOA-MZI yevixd:

148



6. ITpoontixéc tne datpBric

o Xpriomn tou wtovixol derypatorntn SOA-MZI w¢ ovotatind otoiyelo oe éva tArieeg PADC
elte pe mohumhello Biabpeong yedvou, elte PE TUUE-TO-WUEAEVYTY UOTTLVY CUVOLAOUEVY UE
ddtaon ypdvou (Time Stretching - TS). H evowpdtwon tou derypatorfintny SOA-MZI oe
éva Tétolo olotnua Yo emétpene TV mAReN aflomolnon twv duvatotitwy evog PADC ue

puTovixy detypatondio xou nhextpovind xBovtioud.

o Melétn g emlbpaome TEAYHATIXGY DEBOUEVLY OTNY EQPUPUOYT TNS MEVOBOU YROUUMXOTOM-
ong.

o Egoppoyn dlagpopetindv uedodwy yeaupxomoinong xou olyxplong Toug pe tn uédodo post-

processing mou avamtOyInxe xotd TN SLdEXELd AUTAHS TNE OLATESHC.
Enlong, oxetxd ye v egapuoyn tou derypatorintn SOA-MZI wq peixtn ouyvotitoy:
o Xpron tou gwtovixol detypatorintn SOA-MZI oe pia mifen oyediaon RoF.

o MeTatpon cuYVOTNTUC TEOG TA AV OE LY VOTNTEG UeYahUTepeg Twv 100 GHz yenowonot-

wvtag TNy adpyitextovix) Modulation.

o AleZodix| yehétn tne empponc Tou x€pdoug tou SOA, tng duvouixhc didpxeloc (ohc Twv
popéwv (dynamic carrier lifetime) xaw tng emppotc e dloxduavong Wy Dog X0pecUol 6To

CG ypnoWonoldvTog To WOVTEAO avEAUGTS Uixpol) GHUATOC.
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APPENDIX A

PRITEL UOC-E-05-20 ACTIVE MODE
LOCKED LASER

A.1 Principle of operation

Pritel UOC-E-05-20 mode-locked fiber ring laser system is shown in Figure A.1. The gain of
the fiber laser is provided by an PM-EDFA. The cavity length is such that produces a ring
mode spacing of about 8 MHz. The ring modes produced are grouped into a series of super-
modes. For a mode-locked laser to be stable only a single supermode should be amplified in the
cavity while all the other supermodes are attenuated. For this purpose inside this mode-locked
laser, a lithium niobate Mach-Zehnder modulator and a Tunable Filter are employed. The Mach
Zehnder modulator allows only the pulses that are synchronized with the Ext. Clock to be
amplified as shown in Figure A.1, so that the pulse repetition frequency is equal to Ext.Clock
frequency. Moreover, the tunable filter makes sure that the only supermode that rests or lases
is the one whose frequencies match the peaks of the angle-tuned etalon while the cavity length
remains constant. Nevertheless, small temperature fluctuations of the device can cause slight
cavity length changes which by their turn make reappear a second supermode. In order to keep
the cavity length constant the mode locked laser is situated inside a temperature controlled
chamber and additionally a phased-locked loop is employed, not shown in Figure A.1, which ad-
justs appropriately a microproccessor-control micrometer as well as the Piezoelectric transducer
(PZT).
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A.1. Principle of operation
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Figure A.1: Ultra-fast optical pulse source schematic diagram. PM-EDFA: Polarization
Maintaining-Erbium Doped Fiber Amplifier. PZT: Piezoelectric Transducer [1]
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APPENDIX B

SOA-MZI| PHOTONIC SAMPLER MIXER

B.1 Carrier Density Variation

The partial derivative of the gain of SOAk with respect to the carrier density is given by the
following equation:
0Gy, _
oN;, Tk (B-1)
The partial derivative of phase shift, induced by SOAk, with respect to the carrier density
is given by:
— = ——Tal (B.2)

Taking into account (2.31) and assuming identical oy and ajpy values for both SOAs, the
differential phase shift between the two arms of the SOA-MZI equals:

6170[ — @2 a = _oH In (Gl,a> (B3)

Assuming for simplicity that the differential carrier lifetime 74 is approximately the same
for SOA1 between Switching and Modulation architectures, the first-order variation imposed on

the carrier density is given by [2]:

p ki aRl,cki,a

cRL,a aF71 cki,a
ni o= — — B4
Weki & N ( 1 + jwckde) ( )

p* aP'vl,da,t,a

dat,oe OPy gat

* _ ,aat,o

lawdat:a - (B5)

- Kva(l - jwdatTd)

where 7, and k. are the attenuation coefficients of p.; o and pj,, , because of the intermediate

couplers between the SOA-MZI input ports and SOA1 input according to Figure 4.1.
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B.2. K,

The second-order density variation of the carrier density is given by [2]:

n — (n pflat,a a2R1,dat,o¢ +nt Dcki,a a2R1,cki,o¢ .
Lweki—dats Lweki,o ke ON; 8P1,dat,a 1,wgat,o N 6N18P1,cki,a
Td
. , (B.6)
2[1 + j(Weki — Wdat)Td]

Ry ki and Ry gqt o are the recombination rates due to the amplification of the optical carriers

at angular frequencies wek; and wgqe, respectively, and are given by the following equations [2]:

Pl,cki,a)\cki,a Fgml,a él,a -1
he Inla WAL

Rl,cki,a = (B7)

Pl,dat,a)\dat,a I‘gml,oz él,a -1
he Inla wdL

Rl,dat,a = (BS)

where h is Plank’s constant, c is the speed of light in vacuum, g1, and gp1,. are the SOA 1
material gain and net gain at architecture o and, w and d are the SOAs width and height of the

active area, respectively.

Using the approximations I'gmi,a = gni,a, Gl,a — 1 & G1o and A = Aeg s & Adar,s as in [2],

we obtain:
aRl,cki,a _ aRl,dat,cx _ A él,a (Bg)
8P1,cki,oc aPl,dat,oz he - wdL
Applying (B.9) to (B.7) and (B.8), we obtain:
pcki,amél,oﬂ—d (B 10)
nlv ckis = - - °
Wekin® na(l + ]wck’de)
* A ~
* _ _pdat,a hc~deG17aTd (B 11)
Lwdat,o /‘fa(l - jwdatTd) ‘
B.2 K,
K, is a constant defined by:
A Corp
Ky=——— & B.12
* he-wdL 32 ( )

Applying Equations (4.16) of Cop,, (B.1) of §3, (B.3) of @14 — @54 and (3.13) of Puy to
Equation (4.21) we obtain:

G G G G
Ky= -t 11— 27a[COS(—()dHln 1’a>+aHsin<—aHlnl’aﬂ (B.13)
32PsutTASE La 2 Gaa 2 Gaa
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Appendix B — SOA-MZI photonic sampler mixer

B.3 SOA-MZI model parameters

The differential carrier lifetime 7; can be approximated by the SOA-MZI bandwidth using a
pump-probe technique as in 2.4.4.2. Taking the cut-off frequency f.,;+ equal to 6 GHz, then the
74 equals 1/27 fou [3, 4].

The optical power, pcxi o, required for the small-signal analysis calculations is derived from
RF spectra for the Switching and Modulation architectures. These spectra were taken after
photodetection and amplification of the OPC signal at the average power and center wavelength
specified in Subsection 4.2.1. We know that the photodetected current is defined as:

Iph = DPcki,aT (B.14)

where » = 0.71 A/W is the responsitivity of the PIN photodiode. The electrical power for

harmonic ‘i’ measured at the ESA is equal to:

12
DPeli,a = GampI2 Z = Gamp%hz (B.15)

rms

where Gamp (33 dB) is the gain of the RF amplifier, I,,,s is the root mean square value of the
photodetected current and Z = 50 2 is the load resistance of the photodetector. Therefore,
applying (B.14) to (B.15) and solving for the optical power pe;  Wwe obtain:

1 2pelia
1 : B.16
Pekia =N G ompZ (B.16)

Table B.1 lists the parameter values of SOA-MZI small-signal model used for the CG calcu-

lation.

Table B.1: Parameter values for SOA-MZI small-signal
model. Copyright © 2020, IEEE

Symbol H Parameter H Value H Unit
oy Linewidth enhancement factor 4
T4 Differential carrier lifetime 26.5 ps
TASE Spontaneous carrier lifetime 70 ps
Py SOA1 saturation power (Both architectures) 15 dBm
Gis SOA1 Gain (Switching) 24.8 dB
Gim SOA1 Gain (Modulation) 26.1 dB
G2.0 SOA1 Gain (Both architectures) 28 dB

Continued on next page
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B.3. SOA-MZI model parameters

Table B.1 — Continued from previous page

Symbol Parameter Value || Unit
Pell,s Electrical power at 10 GHz (Switching) -8 dBm
Del2,s Electrical power at 20 GHz (Switching) -9.5 dBm
Del3,s Electrical power at 30 GHz (Switching) -10 dBm
Deld,s Electrical power at 40 GHz (Switching) -11 dBm
Dels,s Electrical power at 50 GHz (Switching) -12 dBm
Del6,s Electrical power at 60 GHz (Switching) -13 dBm
Del7,s Electrical power at 70 GHz (Switching) -14 dBm
Del8, s Electrical power at 80 GHz (Switching) -15 dBm
Dell,m Electrical power at 10 GHz (Modulation) -18 dBm
Del2,m Electrical power at 20 GHz (Modulation) -21 dBm
Del3,m Electrical power at 30 GHz (Modulation) -22.2 || dBm
Peld,m Electrical power at 40 GHz (Modulation) -24 dBm
Del5m Electrical power at 50 GHz (Modulation) -26.3 || dBm
Del6,m Electrical power at 60 GHz (Modulation) -28.66 || dBm
Del7,m Electrical power at 70 GHz (Modulation) -31 dBm
Del8,m Electrical power at 80 GHz (Modulation) -33.3 || dBm
Dekl,s OPC OMP power at 10 GHz (Switching) -11 dBm
Dek2,s OPC OMP power at 20 GHz (Switching) -11.75 || dBm
Dek3,s OPC OMP power at 30 GHz (Switching) -12 dBm
Dekd, s OPC OMP power at 40 GHz (Switching) -12.5 || dBm
Deks,s OPC OMP power at 50 GHz (Switching) -13 dBm
Dek6,s OPC OMP power at 60 GHz (Switching) -13.5 || dBm
DekT,s OPC OMP power at 70 GHz (Switching) -14 dBm
Dek8, s OPC OMP power at 80 GHz (Switching) -14.5 || dBm

DPckl,m OPC OMP power at 10 GHz (Modulation -16 dBm

Dek2,m OPC OMP power at 20 GHz (Modulation -17.5 dBm

Dek3,m OPC OMP power at 30 GHz (Modulation -18.1 dBm

Deks,m OPC OMP power at 50 GHz (Modulation -20.2 || dBm

Dek6,m OPC OMP power at 60 GHz (Modulation -21.3 dBm

DekT.m OPC OMP power at 70 GHz (Modulation -22.5 dBm

( )
( )
( )
Dekd,m OPC OMP power at 40 GHz (Modulation) -19 dBm

( )
( )
( )

)

Dek8,m OPC OMP power at 80 GHz (Modulation -23.7 || dBm

Ns Attenuation coefficient of peg; s 2

Continued on next page
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Appendix B — SOA-MZI photonic sampler mixer

Table B.1 — Continued from previous page

Symbol Parameter Value || Unit
Nm Attenuation coefficient of peg; m 4
Ks Attenuation coefficient of pgqs s 4
Km Attenuation coefficient of pyetm 2

B.4 Optical Modulation Power

The Optical Modulation Power (OMP), mentioned in subsection 4.2.1, is the optical equivalent of
the electrical power at 10 GHz at the SOA-MZI output port J. This OMP is derived similarly to
the case of pc; o in section B.3 from the RF spectrum measured by an ESA after photodetection

and amplification. Thus, following the same analysis, the OMP power at 10 GHz, F,,, is given

by:
1/ 2P,
P, =— B.1
r\ GampZ (B.17)

where P,; is the electrical power at 10 GHz measured by the ESA.
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ArPENDIX C

EQUIPMENT LIST

The equipment used for the measurements presented and discussed in this thesis is listed in the

following Table together with the chapter(s) it refers to.

Table C.1: List of equipment used in measurements

Chapter H Apparatus Type
All Optical Pulse Clock (OPC) Pritel UOC-E-05-20
All SOA-MZI CIP twin 2R Optical Regenerator
All CW Laser Sources Emcore TTX1194
All Optical Signal Analyzer (OSA) Agilent 86142B
All Mach-Zehnder Modulator iXblue MXAN-LN-40 with DR-AN-40-MO driver module
All Photodiode U2T XPDV3120R
All Electronic Spectrum Analyzer (ESA) Rohde& Schwarz FSEK 20
All Radio Frequency Generator (RF1) HP 83731B
All Optical Bandpass Filter (OBPF) Yenista XTM-50
All Optical Attenuator (Att) Anritsu MN9610B
All Optical Attenuator (Att) HP8156A
All Optical Power Meter (PM) Anritsu Optical Power Meter ML9001A
2 Vector Network Analyzer (VNA) Anritsu MS4644B with O/E MN4665B
2,4 Electric low noise Amplifier (AMP1) Centelax UAOL65VM
3 DCA Oscilloscope Keysight N1000A Digital Communication Analyzer
4 Radio Frequency Generator (RF1) Anritsu 69167B
4 Electric Amplifier (AMP2) SCD20.40.1R
4 Electric Frequency Mixer Mini circuits ZX05-24MH+
4 Electric Frequency Mixer Marki Microwave M9-0765
4 Electric AWG Filter Agilent M8190A-806
4 Electric Filter mini circuits SLP-1000+
4 Arbitrary Waveform Generator (AWG) Agilent M8190A
4 Vector Signal Analyzer (VSA) Keysight 89600A
4 Digital Signal Oscilloscope (DSO) Agilent DSO-X 4154A
4 Optical Spectrum Analyzer (OSA) APEX 2683A
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Tithog: Ontn Sevypatohndlo Boaoiopévn oe ouyPolduetpo Mach-Zehnder pe ontixolc evioyutés nuio-

yoyol (SOA-MZI) yio avahoyixéc EQapUOYEC.

A€Zeic KAewdid: Putovinn derypoatorndla, Suuforduetpo Mach-Zehnder ye ontixolg evioyutéc nuio-

yoyol (SOA-MZI), Pwtovixy| pixpoxupdtewy (MWP), Teyvix ypopuixonolnone pe yetenelepyasio.

ITepirndm: H pwtoviny Sevypatoindio etvon pat dio-
owacia mou yenowonoleltan oe dLdPope GUOTHUUTA
teheutadac TEYVOlOYlag, XadMe emTEENEL €vay HO-
VodInd CUVBUAOUS TAEOVEXTNUATWY, OTWS TNV Yo-
Ny daxxdpaven yeoviouol, tnv pxet| eacdévnon,
70 LPNAS elpog Ldvng xau Ty avoaoio oe Nhextpo-
poyvnuxée mapeuBoréc. H nopoloa bt oto-
YeVeL oTn diepedivnon xou v enldeiln g oxomi-
potnrac yenone touv SOA-MZI, evéc opyde pwto-
Vixo0 BOUOCTOLYEOL, 1S POTOVIXO) BELYUATOATTY
ot Yéomn ALY NAEXTEOOTTIUOY AUCEWY, THRUXdY-
TTOVTAS TNV ovdyxn Yl mpdoleteg apyéc xou Oa-
navneéc Nhextpoontixéc petatponés. O apyitexto-
vixée Switching xow Modulation eivou duvatéc pe tov
pwtovxd derypatorfintny SOA-MZI. To xlOplo mhe-
ovéxtnua tne opyttextovixic Modulation efvor Tt
emtpénel ) yenon mohd Loy Euiumy Beryyorto-
anlag. Xpnowonowwsvtag Ty apyttextovixy Modu-
lation, wa pédodoc ypouuixonoinone ye peteneep-

yoola ovartbooeTton xan emxupdvetar. Ilewpoporting,
napoatneeiton onpovtey Bedtivon e Ohxng Apuo-
e Tapopdppwone (THD) petadd 7 dB xou 23
dB v nutovoedr; ofuarta mpog derypotohndla ye
ouvyvotnteg petadd 0,25 GHz xou 2 GHz. O gwro-
vixog derypoatorinne SOA-MZI, yenotponolobuevog
WS POTOVIXOS pixtng ovyvotntag, e&etdletan Yew-
eNTXd avantdooovTaS €va LoVTEAD avdhuang pixeol
ONHUATOC HOU ETUXVOWVETOL TELQOHUATING Yol TIC o)L
textovixée Switching xow Modulation yia to petpl-
%6 tou Képdoug Metatponic (CG). CG (oo e 16
dB emtuyydveton yioo t petatponn and 1 GHz oe 9
GHz, evé) CG (oo ye 9 dB yio ) yetatpony) and 1
GHz oe 39 GHz. Pududc dedopévemv éwe xou 1 Gbps
EMTUY Y AVETAL Yial DEDoPEVa BlaopPuUéva ue cUvle-
1e¢ Yed6d0uUG DPoEPLONS OV €YOLY UETATEATEL GE
vdnAdTeEpES CUYVOTNTES.
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Titre : Echantillonnage optique & base d'un interférométre de Mach-Zehnder & base d’amplificateurs
optiques a semi-conducteurs (SOA-MZI) pour applications analogiques.

Mot clés : Echantillonnage optique, Amplificateur optique a semi-conducteurs - Interférométre de Mach-

Zehnder (SOA-MZI), Photonique micro-ondes (MWP), Technique de linéarisation par post-distorsion.

Résumé Léchantillonnage optique est une
fonction utilisée dans divers systémes de pointe,
car il permet une combinaison unique d’avantages
tels que la faible gigue temporelle, les faibles
pertes, une bande passante élevée et 'immunité
aux interférences électromagnétiques (EMI). Cette
thése vise a étudier et a montrer la viabilité
d’utiliser un SOA-MZI, un dispositif purement
photonique, comme échantillonneur photonique
au lieu dautres solutions électro-optiques, en
evitant les lentes et colteuses conversions électro-
optiques supplémentaires. Les architectures de
commutation et de modulation sont possibles
avec [I'échantillonneur SOA-MZI. Lavantage
majeur de I'architecture de modulation est qu’elle
permet d’utiliser un taux d’échantillonnage trés
élevé. Utilisant I'architecture de modulation, une
méthode de linéarisation par post-distorsion

est formulée et validée. Expérimentalement,
une amélioration significative de la distorsion
harmonique totale (TTHD) entre 7 dB et 23 dB
est observée pour des signaux sinusoidaux a
échantillonner a des fréquences entre 0,25 GHz
et 2 GHz. Léchantillonneur SOA-MZI, utilisé
comme convertisseur photonique de fréquence,
est examiné théoriguement en développant un
modéle d'analyse de petits signaux et validé
expérimentalement a l'aide des architectures de
commutation et de modulation, en termes de gain
de conversion (CG). Un CG égal a 16 dB est
obtenu pour la conversion de 1 GHz a 9 GHz,
tandis qu'un CG égal a 9 dB pour la conversion
de 1 GHz a 39 GHz. Un débit binaire jusqu’a 1
Gbps est atteint pour des données en formats de
modulation complexes converties.

Title: Optical sampling based on Mach-Zehnder Interferometer with Semiconductor Optical Amplifiers

(SOA-MZI) for analog applications.

Keywords: Optical Sampling, Semiconductor Optical Amplifier - Mach-Zender Interferometer (SOA-

MZl), Microwave Photonics (MWP), Post-Distortion Linearization Technique.

Abstract:  Photonic sampling is a process
employed in various state-of-the-art systems, since
it permits a unique combination of advantages
such as the low temporal jitter, the low-loss,
high bandwidth and immunity to electromagnetic
interference (EMI). This thesis aims at investigating
and showing the feasibility of using the SOA-
MZI module, a purely photonic device, as a
photonic sampler in place of other electro-optic
solutions, circumventing the need for additional
slow and costly electro-optic conversions. The
Switching and Modulation architectures are
possible with the SOA-MZI photonic sampler. The
major advantage of the Modulation architecture
is that it enables the use of very high sampling
rates. Employing the Modulation architecture, a

post-distortion linearization method is formulated
and validated. Experimentally, significant Total
Harmonic Distortion (7'H D) improvement between
7 dB and 23 dB is observed for sinusoidal signals to
be sampled at frequencies between 0.25 GHz and
2 GHz. The SOA-MZI photonic sampler, employed
as a photonic up-converter, is theoretically
examined by developing a small-signal analysis
model, and experimentally validated using
Switching and Modulation architectures in terms
of Conversion Gain (CG). A CG equal to 16 dB
is achieved for the 1 GHz to 9 GHz conversion,
while a CG equal to 9 dB for the 1 GHz to 39 GHz
conversion. A bit rate up to 1 Gbps is reached for
up-converted data of complex modulation formats.
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