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ABSTRACT OF THE DISSERTATION

Physically Assisted Signal Processing in High-Capacity Systems

by

Zahra Serahati Jouybari

Doctor of Philosophy in Electrical Engineering (Photonics)

University of California San Diego, 2021

Professor Stojan Radic, Chair

Although it may seem mundane, we have been and we continue to face an extensive and
seemingly never ending growth trend of data traffic: in terms of the increase in the number of
network users, as well as the emergence of new bandwidth-hungry applications and services, and
certainly driven by the unprecedented cloud computing, high-definition videos, Artificial
Intelligence, and the Internet of Things. The former predicament implies that the backbone of our
fixed broadband, wireless, and optical communication networks needs to be well-equipped to

facilitate this evolution and accommodate the need for higher capacity systems. Specifically, the
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new generation 5G network’s frequency spectrum extends from several MHz to the Milimeter-
wave region and supports a wide variety of signal bandwidths and carrier spacings. Through this
flexible framework, the recently launched wireless network serves various users and applications.
On the other hand, the coherent optical communication network is also experiencing a shift toward
higher bandwidth optical signals with gaudrature amplitude modulation. The transmission of
220GBd QPSK [1] and 128GBd 16-QAM [2] optical signals have already been demonstrated and
the baud rate of QAM modulation formats has increased with a pace of 12 GBd per year over the

last decade[3].

The aim of this dissertion work was to investigate the utilization of hybrid optoelectronic
subsystems in high capacity communication networks which may offer functionalities which are
difficult, or even impossible to achieve with the existing all-electronic subsystems. In this
dissertation, the hybrid optolectronic subsystems for either wireless network, or coherent optical
communication network were proposed. Specifically, in these subsystems, optical and electrical
components with bandwidths compatible with commercially available devices are utilized. Thus,
they pave the way to the realization of more robust, cost-effective, and higher capacity
communication systems. In this respect, the first experimental demonstration of a sub-GHz flat-
top comb-based RF-photonic filter is reported in this dissertation. The high quality flat-top spectral
shape and shape-invariant tuning of the filter center frequency was enabled by a precise higher
order dispersion compensation, for the first time. Furthermore, successful retrieval of digitally
modulated RF signals at different center frequencies with varying symbol rates for QPSK and 16-
QAM modulation additionally verified the filter integrity. The extended experimentation clearly

demonstrated that this new narrowband flat-top filter can be used as a simultaneously tunable and

XiX



programmable filter at remote 5G nodes, which correspondingly relaxes the need for high-

resolution ADC:s.

Furthermore, within the realm of fiber optic transport, we have proposed and investigated
channelizer-assisted chromatic dispersion compensation in high baud rate coherent systems.
Chromatic dispersion penalty is a crucial signal impairment which scales as a square of the (symbol)
signal rate and will severely limit the transmission reach if not mitigated efficiently. Our findings
have shown that transmission reach can be more than tripled when resorting to this physically-

aided processing strategy, as opposed to the standard digital processing — only approach.
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Chapter 1 Introduction

1.1.Motivation

As we witness an ever-increasing trend of internet usage in our daily lives, including
mobile (cellular) connections, high-definition videos, online games, social media, cloud
computing, healthcare monitoring, autonomous vehicles, and cloud-based Artificial Intelligence
(Al), it is foreseeable that the global internet capacity will increase immensely — perhaps
incomprehensably in the coming years. Considering the history of mobile communication
networks, reviewed in Figure 1. 1, we can clearly notice a significant leap in capacity occurring
every 10 years. Starting with the voice-only communication in the First Generation (1G) mobile
network in the 1980s, today’s Fifth Generation (5G) mobile network is a common platform for
various applications. It supports person-to-machine, machine-to-machine (M2M), as well as
person-to-person connection. In fact, the Internet of Things (10T) has become a widespread system

wherein people, data, processes, and physical objects connect to the internet and each other [4].

W__vﬁ'",e
(1o J(2c I o e IR sc JF
o L X2

Figure 1. 1 The evolution of mobile communication networks [5].

As reported in CISCO Annual Internet Report released in 2020 [4], and shown in Figure 1.
2, the total number of global mobile subscribers will increase from 5.1 billion (66 percent of

population) in 2018 to 5.7 billion (71 percent of population) by 2023. It is also predicted that we



will observe an increase in the number of mobile devices from 8.8 billion in 2018 to 13.1 billion
by 2023, wherein 4.1 billion of those will be 5G capable. Among mobile devices, the fastest-
growing category is M2M followed by smartphones. Moreover, the fixed broadband and cellular
speeds will more than double and triple, respectively, by 2023. The speed increase itself promises

the overall use increase [4].

Mobile

e s s
Momentum Metrics
By 2023 ﬂ O a
5.1 8.8

: % 13.2
Billion Billion Mbps

5.7 43.9
Billion Mbps

Figure 1. 2 Global mobile networking metrics [4].

2018

The 5G network operates on a wide range of frequencies, from several MHz to the 100
GHz, the Millimeter-Wave (MMW) range. The 5G entails a widely scalable numerology, i.e., the
choice of different subcarrier spacing, symbol duration, and the number of symbols per time slot
[6]. And through this flexible framework, it can address diverse users and services. In 5G,
depending on the frequency range of operation, as shown in Figure 1. 3, different system
bandwidths (BWs) are defined [7]. The low end of the bandwidth scale can be utilized for massive
machine connectivity. On the other hand, very wide BWs may be dedicated to high-capacity

scenarios, e.g., 4K videos [8] and beyond.

Sub-6GHz cmWave: 10-20 GHz mmWave: 30-90 GHz

Massive Throughput
Ultra-Dense Networks

n x 20 MHz nx 100 MHz 1-2 GHz
Cell Size Macro Small Ultra-small

Figure 1. 3 Carrier bandwidth in different parts of the frequency spectrum covered in 5G [9].
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Furthermore, the rapid increase of internet usage has urged both research and industry
communities to explore ways to increase the capacity and the efficiency of bandwidth utilization
in optical communication systems. In coherent optical fiber communication systems, particularly,
different multiplexing and modulation schemes have been studied to expand the total system
capacity [3]. In single-carrier coherent optical transmission, a growing trend in the symbol rate or

the bandwidth of the signal has been observed over the last decade [3].

Consequently, the electrical and optical infrastructure of our communication networks
should accommodate the required changes to support a high-capacity, reliable, and cost-effective
data transmission. Electronic subsystems, e.g., Radio Frequency (RF) filters, might be needed in a
wireless base-station that support various signal bandwidth in different frequency ranges covered
by 5G. The agile tunability and programmability could be the critical features of these subsystems.
Or, in high-speed coherent transmission systems, we need optical transceivers that support the
high-bandwidth optical signals. Moreover, at higher bandwidths, the digital mitigation of the
transmission impairment and signal distortion becomes critical, which indicates the importance of
high-speed and high-resolution digitizers and digital signal processors. While the 400 Gigabit
Ethernet (GbE) has already been established in our commercial optical systems and deployment
of 800GbE or even 1.6 Terabit Ethernet (TbE) in the coming years is anticipated [3], the
commercially available electronics cannot keep up with the increase of the optical data rates [10]—

[12].

On the other hand, photonic technologies offer spectacular features. The low cost and
almost vanishingly small propagation loss, the immunity to electromagnetic interference, and the
huge processing bandwidth of the optical fibers make them more than an adequate platform for

signal processing [13], [14]. Additionally, the optical frequency combs and parametric wavelength



multicasting has been a useful tool in optical signal processing [15]. Hybrid optoelectronic
subsystems could be designed using the existing commercially available electronic and optical
components with the same functionalities as their all-electronic counterparts, which often offer

equivalent or even better performance.

Our goal, in this dissertation, was to utilize these outstanding features of photonics to
design or implement hybrid optoelectronic subsystems which may prove critical for the realization

of higher capacity communication systems.

1.2.Dissertation Overview

This dissertation consists of treatise of analog photonic wireless (i.e. an RF-photonic filter
with possible application in 5G wireless base stations) as well as digital application realms. In the
former, the design and implementation of the first sub-GHz flat-top RF-photonic filter is
demonstrated. The programmability and shape-invariant frequency tunability of this filter promise
its application in the high capacity 5G network covering a broad spectrum. On the other hand,
within the area of digital fiber optic communications, in a spectrally sliced optical coherent
receiver, the sub-channel digital chromatic dispersion (CD) mitigation of the high baud rate signals

has been investigated employing a parametric optical channelizer.

Our main tool for optical signal processing in the aforementioned subsystems was the
parametric optical frequency comb, whose optical emission spectrum consists of a series of equally
spaced (frequency) mutually coherent lines. These frequency combs have been studied extensively,

both theoretically and experimentally, in our research group [16]-[18].



One of the important effects in optical fibers (and waveguides as a whole), which has
exhibited a bittersweet characteristic in this dissertation, is chromatic dispersion. On the positive
side, chromatic dispersion helped us introduce a frequency-dependent time delay in the
implementation of the RF-photonic filter, albeit, a precise control of the dispersion was required
to achieve this goal. On the other hand, in optical communication, chromatic dispersion in the fiber
links causes time-domain interference between transmitted symbols and consequently momentous
errors and penalties in the data retrieval at the receiver. In our designed spectrally sliced high baud
rate coherent receiver, we have digitally mitigated the CD penalty in each detected sub-channel
and successfully retrieved the transmitted data. In particular, the research presentation in the thesis

has been divided as follows:

Chapter 2 serves as a review of the relevant background regarding propagation in optical
fibers and the equations describing the pulse propagation and the chromatic dispersion effect.
Coherent detection and the optical signal quality metrics in coherent transmission systems are
discussed. After a brief review of the configuration of a digital coherent optical transmission

system, the digital signal processing chain in coherent transmitter and receiver is discussed.

In chapter 3, the implementation of the first sub-GHz flat-top RF-photonic filter based on
phase and amplitude control of a parametric optical frequency comb is demonstrated. First, the
transfer function of the filter is characterized using a Vector Network Analyzer (VNA). The
designed filter response and shape-invariant tuning of the filter center frequency are achieved by
precise third and fourth-order dispersion compensation using a pulse shaper. The filter
implentation was the first demonstration of the fourth-order dispersion compensation in these RF-

photonic filters and its theoretical investigation is also provided in chapter 3. Moreover, a rigurous

5



characterization of the filter integrity by the retrieval of a set of digital modulated RF channels had

also been performed and is presented.

Chapter 4 proposes a new spectrally sliced coherent receiver configuration for the detection
of high baud-rate optical signals using a parametric optical channelizer. The principle of
parametric optical channelizer, digital mitigation of CD in each sub-channel, and signal
reconstruction using a digital filter bank is explained. Following that, we present the numerical
simulation results for CD compensation in 214GBd QPSK and 107GBd 16-QAM signal
transmission using, respectively, an 8- and 4-channel parametric optical channelizer. Moreover,
an improved performance of the parametric channelizer-assisted CD compensation over full-
bandwidth detection is represented. It is demonstrated that parametric channelizer-assisted CD
compensation, empowered by reliance on high-resolution low-speed digitizers, significantly

extends the transmission reach for high baud rate coherent optical signals.

Lastly, Chapter 5 summarizes this dissertation and discusses the future work.



Chapter 2 Background
2.1.Introduction

The role of the optical fiber in this dissertation was that of providing a platform for
processing the data in the optical domain as well as serving as a waveguiding medium and enabling
propagation of the information-bearing signals in optical communication systems. In this chapter,
first, we review the pulse propagation in fiber and the corresponding governing equations. Then,
chromatic dispersion, which, as previously emphasized played an exceedingly important role in
this dissertation will be explained. The basics of the coherent optical communication, transmission
systems, and digital signal processing in these systems, e.g., a digital filter for chromatic dispersion
compensation will be introduced and discussed. It is also worth mentioning that the material
reviewed in this chapter serves as a background for the finite impulse response (FIR) RF-photonic
filter discussed in chapter 3, as well as for the optical channelizer-assisted CD compensation in

high baud rate coherent receivers discussed in chapter 4.

2.2.Pulse Propagation in Optical Fiber

Assuming that the optical field is quasi-monochromatic, i.e., its spectral width A® is very

small relative to the spectrum center frequency w, (i—w << 1), the pulse propagation in fiber is
0

governed by Nonlinear Schrédinger Equation (NLSE) [19]. This is a valid assumption for pulse
width=0.1ps (Ao < 10%3s71) since the spectrum is usually centered around 1.55nm (wg ~
10%5s~1) in optical communication and applications of interest in this dissertation. The governing

equation is



aA
“A i (- ﬁl = jy|AF A 2.1)

where 3, is the Taylor series of the wavenumber B(w), T = t — B,z, A is a time variable in the
reference frame of the slowly varying envelope of the pulse; a is the attenuation coefficient, and y
is the nonlinear coefficient of the fiber [19]. As mentioned before, one of the important properties
of the fiber, discussed extensively in this dissertation, is chromatic dispersion. In this dissertation,
the effect of CD has been either utilized or mitigated, and we elaborate on it in the following

section.

2.2.1. Chromatic Dispersion

In general, the dielectric medium response to an electromagnetic wave excitation is in
general frequency-dependent. On a macro-scale, this feature manifests itself as the frequency
dependence of the refractive index, n(w), and is referred to as chromatic dispersion. As is well
known [20], a waveguiding structure supports only a finite number of electric field configurations
(that can be transported, or guided by the structure). In consequence to the frequency dependence
of the refraction index, the (so-called) wavenumber or mode-propagation constant, 3, of the optical

wave traveling through a dielectric medium, is related to the dielectric refractive index as [19]:
@

pl@)=n(e) = 2.2)
0

where ¢, is the speed of light in vacuum, i.e., C, =299,792,458 m/s..



To study the effect of dispersion in pulse propagation through fibers, it is convenient to

expand B(w) in a Taylor series about the center frequency wy:

ﬂ(a)):ﬁo +ﬁ1(a)_a)o)+%:32 (a)—a)o)2+%ﬂ3(a)—a)o)3+2—14ﬁ4 (a)—a)o)4+... (2.3)

where

ﬂm:(dmﬂj (m=0,1,2,...) . (24)

do"

Are denoted dispersion coefficients of order m (with respect to frequency). In the applications
discussed in this thesis, the effects of up to the fourth-order dispersion of the fiber, g, term, are
taken into account, whereas the higher-order terms were found to be immaterial and have, thus,

been neglected in our considerations.

The first and second terms of the B (w) have special physical implication: Namely, the

pulse envelope moves at the group velocity, v, and g, is the inverse of the group velocity

p=9f_1 (2.5)

dw v

with units of [s/m]. Correspondingly, the 5, captures the linear change of the §; parameter with
frequency and is responsible for pulse broadening [19]. Fittingly, the 8, parameter bears the name

of Group-Velocity Dispersion (GVD) and is expressed in units of [s?/m] in the SI system of units.

b= (2. 6)

In some applications, it is more convenient to consider dispersion as a function of

wavelength. Considering the relation



p(@)dw=D(2)d2 @.7)

the dispersion parameter D and the dispersion slope S with typical units of [ps/nm/km] and

[ps/nm?/km], respectively, are defined as

D(4)= 6= 25 g, () 2.9)
S(1)= (Z”Cj B, (@,)- jD(ﬂ.). (2.9)

In optical communication applications, usually only the second order, §,, term is of
importance (and consideration), whereas the higher-order terms are neglected. To study pulse

propagation in a dispersive fiber, we consider Eq. 2.1 in the absence of nonlinearity and attenuation:

8A A
= 2.10
o ﬁ 2 oT? (2.10)
If A(z,w) is the Fourier transform of A(z,T) such that
1 [ joT
A(z,T):—IA(z,co)e‘ dow 2. 11)
2r *,

Then the solution to Eq. 2.10 in the frequency domain can be readily found by taking the Fourier

transform of the Eq. 2.11:

A
A1 —ﬂza)A 0 2.12)

0z

and the solution to this ordinary differential equation is:

A(z, w) = A0, w) exp(—j%ﬂza)zzj. (2. 13)
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Therefore, a dispersive fiber introduces a quadratic spectral phase shift or a chirp in the frequency
domain. In the following, the optical coherent detection concept is explained and the effect of this

quadratic spectral phase shift in the time domain will be discussed.

2.3.Coherent Optical Transmission

As the immense growth of global data traffic pushes optical communication systems
toward higher spectral efficiency (defined as R/B for the information rate R transmitted over a
specific bandwidth B having units of [bits/s/Hz] [21]), the coherent optical communication systems
have attracted a lot of attention in both research and industry communities. In these systems, the
information is encoded in both the amplitude and phase of the optical carrier or real (1) and
imaginary (Q) part of the electrical field, using an 1Q modulator as shown in Figure 2. 1. Moreover,
the coherent optical detection is polarization-sensitive so the state of polarization (SOP) of the
electrical field is also used to encode and convey the information in coherent communication

systems.

|
I
&

Optical Camer< }cal Signal
<¥>—— 90°

|
Q

Figure 2. 1 1Q Modulator or nested Mach-Zehnder Modulator (MZM) which consists of an MZM in each arm. The
two arms are offset in phase by 90°, setting them in quadrature to each other.

Nonetheless, this higher spectral efficiency in coherent optical systems is achieved at the

expense of higher implementation complexity, comparing to the Intensity Modulation and Direct

11



Detection (IMDD) systems, shown in Figure 2. 2, wherein the information is encoded and retrieved

from only the intensity of the electrical field.

il

@y . @y s

Figure 2. 2 IMDD system which uses intensity-only modulation and the intensity of the optical field transmitted
through the optical fiber link is detected by a photodiode acting as a square-law detector [22].

Besides that, the optical coherent systems are sensitive to random fluctuations of the SOP
and the carrier phase [22]. Nevertheless, these can be digitally mitigated in the receiver (in digital
coherent transmission systems) by means of digital signal processing (DSP), as explained in
sections 2.3.2 and 2.4. In the following, the principle of coherent detection and the retrieval of the

complex electric field is discussed.

2.3.1. Coherent Detection

In coherent receivers, a balanced photo-detector , in the configuration as shown in Figure
2. 3, is utilized to capture the beat between the modulated signal light and the Continuous-Wave
(CW) Local Oscillator (LO). Balanced receivers consist of anti-parallel photodiodes and have the
potential to suppress the relative intensity noise (RIN) and the common mode noise (e.g. amplified
spontaneous emission noise (ASE) from erbium-doped fiber amplifiers [23]). Assume that the SOP
of the signal and LO are perfectly aligned by a Polarization Controller (PC). Assuming the complex

electric field of the received signal is

S(t) = A (t)e' (2.14)

whilst, the LO is given by
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L(t) = Ae™ (2.15)

The outputs of the 50:50 coupler in Fig. 2.3 are

1 1 joogt jart
El_E(S(tHL(t))—ﬁ(A(t)e +Ael) (2.16)
E :i(S(t)—L(t)):i(As(t)ej“’St—Aej““) 2.17)

2 J2 |

And are detected by a square-law photodetector with a responsivity of R, wherein the output
current is proportional to the time-averaged magnitude-squared of the electric filed (I (t) < R
< le(t)|? >). In homodyne detection, i.e., o, = @ , the output currents of the two photodetectors

are

1,(t) oc sn(|/sg(t)|2 +|Af +2Re(Ag(t)A*)) (2.18)

1L (1) < R(AQf +[Af -2Re(ADA)). (2.19)
Therefore, the output current of the balanced receiver is:
1(t) = 1,(1) - 1,(t) = RRe( A (DA (2.20)

which gives the beat between the signal and the LO.

Balanced
PC Receiver

S(t E
0 50:50 N
I(t)
= :

Io(t;
E, )
LO Laser

Figure 2. 3 Balanced Receiver used to measure the beat between the signal S(t) and LO.
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As Eq. 2.20 implies, the balanced receiver acts like an RF mixer and can be utilized to restore the
full information of the transmitted complex electrical field by using a 90° Hybrid as shown in
Figure 2. 4. The 90° phase shift in one arm of the hybrid and the optical field mixing in the balanced

receiver results in the detection of both I and Q components of the optical signal.

90° Hybrid BPD

Y
stL I(t) = Re{SL*}
s-L*
s+jLa
s.iL Ap— QU=Im{sLY}

Figure 2. 4 Optical Coherent Receiver which retrieves the real (1) and imaginary (Q) components of the electric
field.

2.3.2. Figure of Merit for the Detected Digitally Modulated Optical Signal

One of the most important tasks in optical communication is the assessment of the integrity
of the detected optical signal, which reflects the quality and reliability of the transmission system
[24]. Consider the simplest Quadrature Amplitude Modulation (QAM), i.e., 4-QAM or QPSK, in
which two bits are encoded into each transmitted symbol, thus the total number of possible symbols
is 22 = 4. Figure 2.5(a) shows the distribution of these four symbols in the complex plane for a
QPSK optical signal. This graphical representation of the symbols is called a constellation

diagram.
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Figure 2. 5 Constellation diagram. a) Ideal QPSK signal. b) QPSK signal in a realistic optical communication
system.

In an ideal QAM signal, each symbol is represented by a unique location in the
constellation diagram, as shown in Figure 2.5(a). Yet, in practice (i.e. in real-life communication
systems), the noise and other impairments distort the signal and force these points to deviate from
their ideal intended location. Even in the generated and transmitted QPSK optical signal, these
points have a cloud-like distribution like those shown in Figure 2.5b. Thus, the constellation
diagram itself can serve as a visual representation enabling some basic intuitive insight into the
integrity and quality of the received optical signal. In the strict sense, however, the deviation of
the constellation points is directly related to the amount of noise and distortion. Thereby, when
these impairments are strong, the original constellation point is displaced far enough from its ideal
location such that it can wonder off into the vicinity of the constellation point of another symbol,
obviously causing an error in the detection process at the receiver (e.g. a transmitted “01” bit
combination, which after encoding is represented by a symbol from the upper right corner of the

constellation diagram in Fig. 2.5, may be detected, or mis-interpreted as the “11” symbol, etc.).

While the Bit-Error Rate (BER), i.e., the rate of bit-errors occurring in the transmission

system, is the ultimate quality measure of the communication signal, in simulations and off-line
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signal processing counting errors becomes time-consuming and impractical — especially in the case
of low BERs. Thus, it is more reasonable to estimate the BER [24]. One of the popular metrics for
evaluating the quality of the optical signal in practice is the Quality-Factor (QF), which is related
to BER [21], [25] through the complement error function. When the signal is distorted by Additive

White Gaussian Noise (AWGN), the QF is given by

Q =+/2erfc™ (2BER) (2.22)

where erfc™ is the inverse of the complementary error function. Moreover, the QF implies how

noisy the constellation diagram is. For high QF, the clouds of the constellation points are denser
and far from each other. This property can be inferred from the original definition of QF related to

binary IMDD communication, which is characterized by signal-dependent Gaussian noise:

-

=_1 2 (2.22)
o, t+0o,

where r; is the mean value of the cloud, and o; is the standard deviation.

2.3.3. Digital Coherent Transmission Systems

The utilization of digital signal processing (DSP) in high-speed optical fiber
communication systems has been enabled by the emergence of data converters with a speed
commensurate with the optical data rate over the last decade. It was the combination of coherent
detection, high spectral efficient modulation formats, and DSP that led to the development of high

capacity digital coherent optical communication systems supporting the current 100GbE [26].

The configuration of a digital coherent optical transmission system, from the transmitter to

the receiver, is shown in Figure 2. 6. The system is designed to be phase and polarization-sensitive,
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thus, supporting the transmission of polarization division multiplexing QAM (PDM-QAM) optical

signals.

XPol. |
|

1
Data |
Y.Pol. |

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Figure 2. 6 Configuration of a digital coherent optical transmission system.

At the transmitter, in the most straightforward scenario, first, two independent sequences
for the x- and y-polarization are processed at the DSP. The DSP chain in the transmitter and the
receiver will be discussed in section 2.4. The resulting digital data is converted to an analog signal
using two Digital-to-Analog Converters (DACSs) for each x- and y-polarization. The two outputs
of each DAC, the | and Q signal of the QAM modulation format, drive an 1Q modulator. The
output of a single CW laser is split by a Polarization Beam Splitter (PBS) and serves as the optical
carrier for the two 1QMs. Finally, the output of the two IQMs is combined using a Polarization
Beam Combiner (PBC). The generated optical QAM signal is transmitted through an optical fiber
link. Erbium-Doped Fiber Amplifiers (EDFAS) are periodically placed in the transmission link to
account for the propagation losses in the link. At the receiver, the received optical signal and the
output of the LO laser are each split into two orthogonal x- and y-polarizations using PBS. Then,
each x- and y-polarization is coherently detected using a coherent receiver as shown in Figure 2.4
and 2.6. Then, the detected signal is amplified using a Trans-Impedance Amplifier (TIA),
converted into digital using an Analog-to-digital Converter (ADC), and finally processed and

demodulated in the DSP chain of the receiver.
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2.4.Digital Signal Processing

The most common DSP chain in coherent transmitter and receiver is shown in Figure 2.7.
At the transmitter, first, the binary sequence is mapped into the corresponding complex symbol.
Then, the pulse shaping filter is applied mainly to restrict the spectral bandwidth of the modulated
signal. The final block of the transmitter DSP chain is the correction of any imperfection, i.e.,
nonlinearity and frequency roll-off, of the electronic and optical components. For example, the

nonlinearity of MZM could be digitally pre-compensated in this step.

Transmitter Receiver
Data Data Ix Qx Iy Qy
X-Pol. Y-Pol.

| IQ Imbalance Compensation |

Symbol Mapping Channel Equalization
I | I
Pulse Pulse Timing Recovery
Shaping Shaping Carrier Phase &
I I Frequency Estimation
Front-end Front-end I I
Equalization || Equalization ‘ Symbol Demapping ‘
Data Data
Ix Qx ly Qy X-Pol. Y-Pol.

Figure 2. 7 DSP chain in coherent transmitter and receiver.

The received signal is contaminated by noise and transmission link- (or channel)
impairments. The linear effects of the fiber such as chromatic dispersion, polarization mode
dispersion (PMD), and polarization mode loss, in addition to the nonlinear effects such as self-
phase modulation, cross-phase modulation (XPM), and four-wave mixing (FWM) may be the

source of the transmission impairment [26].
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The first block in the receiver DSP chain compensates for any amplitude, phase, or timing
error between the 1 and Q component of the complex signal. Then, the linear and nonlinear channel
impairments are digitally equalized. In the next step, the timing errors are estimated and corrected
to guarantee the waveforms are sampled at the correct points. Following, the laser phase noise and
the frequency mismatch between the LO and transmitting laser are estimated and compensated in
the carrier recovery block. One of the important advantages of phase-sensitive coherent receivers
over direct detection is in circumventing the need for an optical phase-locked loop (OPLL) for
phase synchronization [26]. The M™ power [27] and blind search algorithms [28] are the most

common Carrier Phase Estimation (CPE) algorithms. Lastly, the transmitted symbols are estimated.

2.4.1. Digital Chromatic Dispersion Compensation

As mentioned in section 2.2.1 and shown in Eq. 2. 13, pulses propagating through a
dispersive fiber acquire quadratic spectral phase shift. This quadratic phase or frequency-
dependent delay means that different parts of the pulse spectrum propagate with different speeds
through the fiber. As a result, pulse broadening will occur. A graphical representation of this effect
is shown in Figure 2.8. As transmitted pulses change shape and are broadened in the time domain,
the interference of the neighboring pulses might dramatically change the pulse shape and cause an
error in symbol de-mapping at the receiver. This effect is referred to as inter-symbol interference

(ISI).
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Figure 2. 8 Graphical representation of chromatic dispersion effect in fiber: different wavelengths travel with
different speeds which results in pulse broadening in time-domain and inter-symbol interference.

z=L

To illustrate the effect of CD on the quality of the optical signal, using MATLAB software,
we have simulated the transmission of the 16-QAM optical signal through a single-mode fiber
(SMF) with a dispersion parameter of D = 17 ps/nm/km and zero dispersion slope, in absence of
attenuation and nonlinearity. The baud rate or symbol rate of the signal was 100 Gigabaud (GBd).
The constellation diagram of the signal for different transmission lengths is shown in Figure 2.9,
assuming that an ideal 16-QAM signal was generated and transmitted through the fiber. As the
signal travels through the fiber, it becomes more and more distorted. So that, we have a totally

distorted signal, shown in Figure 2.9, at the transmission length of 4km.

Transmission Length = 500m Transmission Length = 1km Transmission Length = 4km

Transmitter

-Quadrature‘
Quadrature
Quadrature
Quadrature

In-Phase In-Phase In-Phase In-Phase

Figure 2. 9 Constellation diagram of 100GBd 16-QAM signal transmitted through an SMF at different transmission
lengths.

As Eq. 2.13 shows, the transfer function of the CD is given by
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G(z,w) = exp[—%j (2.23)

Therefore, the dispersion compensating filter should be an all-pass filter with the transfer function

H,(@)=1/G(z,0)=G(-z,®). This is one of the digital filters implemented in the channel

equalization block of the DSP chain shown in Figure 2.7.

The dispersion compensating filter can be implemented using the frequency domain

methods [29]. It can also be approximated in the time domain using a Finite Impulse Response

(FIR) filter [30]. The impulse response of the CD compensating filter, h, (t) is given by the

inverse Fourier transform of the H_(»)=G(-z,) as:

1 12
e - . 2.24
h,(z.1) rif exp[ i 2,622] (2.24)

However, to implement this filter in the digital domain, it should have a finite length.
Besides that, since it passes all frequencies, the aliasing will occur for a finite sampling frequency.
Therefore, the corresponding finite impulse response filter is truncated to N taps with tap weights

given by:

. 2 2 D ﬂ,zz
O o o A i R b
DAz DAz 2 2 2c,T
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An FIR filter is a filter whose impulse response is of finite duration. As shown in Figure 2.
10, the output of an FIR filter is a weighted sum of the delayed replicas of the input. It should be

noted that the relative delay between taps in this filter is constant.

x[n] > z z ————3|z

E D—D----> v[n]

Figure 2. 10 Block diagram of an N-tap FIR filter.

The chromatic dispersion effect in optical fibers, which is the dominant detrimental effect
in optical coherent communication, has been beneficial in the FIR RF-photonic filter
implementation discussed in chapter 3. It was the dispersion or frequency-dependent delay of the
fiber that defined the relative delay between the tap coefficients of our implemented RF-photonic

filter.
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Chapter 3 Sub-GHz Flat-top Comb-based RF-Photonic Filter Enabled by Fourth-order

Dispersion Compensation

3.1. Introduction

RF-photonics has attracted the attention of both the research community and the
commercial sector in recent years. In particular, RF-photonic subsystems take advantage of
characteristics inherent to photonics to carry out functionalities that might be very difficult, or even
impossible by RF subsystems alone [31]. Namely, optical fibers due to their low weight, cost, and
propagation loss, as well as the inherent immunity to interference are an ideal transport platform
for high-bandwidth RF signals over nearly unlimited lengths [1]. Additionally, optical fibers offer
ample processing bandwidth to RF signals upconverted to photonic frequencies [32]. Moreover,
the flexibility in manipulating the overall link response is one of the key reasons to adopt the
photonic-aided subsystems over the conventional RF systems. In fact, the programmability and
frequency-tunability over the GHz range are the two most prominent attributes of RF-photonic
filters. While frequency-tunable RF filters have been implemented using various tuning elements
such as yttrium iron garnet (YIG) resonators, RF microelectromechanical systems (MEMS), and
semiconductor varactor diodes, the RF-photonic-based filters outperform those by offering
simultaneous high-speed frequency tuning over a wide frequency range, low control voltage, and
linear relationship between the filter frequency and control voltage [33]. It is important to
emphasize that these features might manifest their significance in the 5G communication network,
which covers different frequency bands [34]. For example, in the latter application, the RF-

photonic solution may be conducive to providing a single frequency-tunable and shape-
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programmable RF-Photonic filter for wireless base stations, which otherwise require equipping

with several protocol-specific filters, thus offering a more than adequate alternative.

Numerous schemes have been proposed and demonstrated in the past for the
implementation of RF-photonic filters and particularly the multitap delay line FIR filters, having
a broad potential due to their flexibility and reconfigurability. In the earlier implementations, the
RF signal was modulated directly onto a continuous wave laser source, then demultiplexed into
several physical delay lines, each acting as a tap coefficient. In these filters, the coefficients’
amplitude was set by controlling the attenuation in each of the delay line elements. The output was
then multiplexed together and passed to the photodetector [35]. The main drawbacks of this
scheme pertain to the difficulty in scaling the number of filter taps, as well as to the filter frequency
tuning. To circumvent these constraints, FIR RF-photonic filters based on multiwavelength
sources, followed by dispersive element(s) have been adopted, wherein each comb line (i.e., the
frequency tone) is used as a filter tap coefficient, whereas a dispersive element is utilized to impose
the relative delay between the taps. In particular, these implementations have benefited from the
utilization of the Pulse Shaper device, which enables precise control of the amplitude and phase of
each coefficient [36] and hence flexible programming of the filter magnitude and phase responses
that are of primary importance for an accurate filter realization. In addition, the previous
implementations benefited from the utilization of a dispersive fiber or chirped fiber Bragg gratings
(CFBG) serving as dispersive elements, while arrays of CW lasers [37], mode-locked lasers [38],
spectrally-sliced [39] and contiguous [40] noncoherent broadband optical sources (BOS), or
electro-optic (EO) frequency combs [41] have been used as a multi-wavelength source(s). Among
these, noncoherent broadband optical sources and EO combs have been the two preferred choices

in the most prominent prior RF-photonic filter realizations. While the BOS-based filters have been
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studied extensively due to their cost-effectiveness and scalability to a large number of taps, the
lack of coherency, as well as the low power spectral density associated with this type of source,
limit the filter application and capability. In contrast, the optical comb-based RF-photonic filters
offer a considerably enhanced noise resilience and more efficient use of optical bandwidth (as

compared to the noncoherent BOS-based counterparts [42]).

In the realization of the RF-photonic filters based on multi-wavelength sources and
dispersion, the dispersion profile of the dispersive element over the relevant optical bandwidth is
another determining factor in RF-photonic filters characteristics. In fact, in FIR RF-photonic filters
whose implementation is based on multicarrier sources and dispersive elements, the required
relative delay between the filter taps is defined by the quadratic phase introduced by the dispersive
fiber [41]. Consequently, a departure of the waveguide dispersion from linearity with respect to
frequency (or, as is often referred to - the presence of higher-order dispersion terms in the
waveguide characteristic) will necessarily lead to the departure from the designed response and
the distortion in the filter shape. Furthermore, it is self-explanatory that the effect of non-ideal
dispersive characteristic will be even more harmful in the case of wide-band optical sources [43].
Worse yet, this distortion is bound to become even more prominent with filter tuning [44].
Accordingly, in order to construct a narrow (i.e., sub-GHz), or a tunable shape-invariant filter, it
is absolutely critical to maintain tight control of the higher-order dispersion in the dispersive
waveguide. The impact of Third Order Dispersion (TOD) on RF-photonic filters has been studied
extensively and several schemes have been implemented to mitigate this effect. In [43], a cascade
of SMF and dispersion compensating fiber (DCF) were used to attempt to cancel the overall

higher-order dispersion. Similarly, a CFBG was utilized to cancel TOD in DCF [45]. Alternatively,
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a pulse shaper was used to cancel the TOD terms, in [46], [47]. Despite the comprehensive study
on the TOD mitigation in RF-photonic filters, fourth-order dispersion in dispersive fiber has
scarcely been encountered and discussed in the prior work. The only such example, to the best of
our knowledge, is related to the encounter of a 50 nm bandwidth optical source in [43], where the
fourth-order dispersion was determined to be causing the higher frequency sidelobe in the filter

response. However, no attempt was made to cancel the distortion in that work.

On the other hand, the ability to extract an arbitrary-width RF content at any frequency is
the enabling part of advanced receivers. However, despite this widely recognized role, practical
RF-photonic filters have been constrained to selectable bandwidth. For instance, RF-photonic
filters have been implemented for applications such as phase filtering for pulse compression [48],
[49], or dynamic filtering of frequency-hopped and chirped RF signals [3]. Furthermore, virtually
all RF signals are implemented in some guise of Nyquist shaping. Yet very few previous
demonstrations of the RF-photonic filters have exhibited a flat-top RF spectral shape required for
Nyquist-shaped waveforms. Additionally, the bandwidth of the reported comb-based flat-top
filters has almost universally exceeded 1.5 GHz [33], [50], [51], which is of very little practical
interest since the RF applications rarely occupy more than GHz of bandwidth [52], [53].
Considering these restrictions, we have demonstrated the first sub-GHz RF-photonic filter based
on an all-fiber parametric comb, enabled by the compensation of the fourth-order dispersion in the
delay line element. The filter integrity was further tested and verified by retrieving a set of digital
modulated RF channels asserting its outstanding quality. The remaining part of this chapter is
organized as follows. Section 3.2 lays out the theory of the higher-order dispersion compensation

for the implemented RF-photonic filter. Details of the experimental setup are provided in section
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3.3. In Section 3.4, experimental results including filter transfer function, filter tuning, and RF

channels retrieval are presented. The results are summarized in Section 3.5.

3.2.Theory

As directly implied by Fourier analysis, the filters with narrow bandwidth, sharp transition
(i.e., edges in the frequency domain), and higher main-to-side-lobe suppression require a larger
number of taps, and thus an increased number of comb lines. While utilizing a higher number of
comb lines might seem like a promising approach for a narrower bandwidth implementation,
reliance on a wider optical bandwidth comes with its own set of issues, among which, mitigation

of higher-order dispersion of the dispersive element becomes the primary concern.

As will be illustrated in the experimental results, the 45 nm bandwidth of the utilized optical
comb in our experiment was wide enough to incur significant impairments (and thus distortions
and departure from the desired filter shape) due to not only third but also fourth-order dispersion
in the dispersive element. In the following, we derive the expression conducive to higher-order

dispersion compensation, relevant to the experimental setting implemented.

A typical high-level configuration for the generation of an RF-photonic filter capable of
higher-order dispersion compensation in the dispersive element is shown in Figure 3.1. The wide-
band source is passed through the pulse shaper #1 to imprint the time-domain amplitude filter

coefficients onto the comb lines. The electric field after the Pulse Shaper can be expressed as:

E(t) = Ypen(t) =X/ Pe/Mtei®r + c.c. (3.1),
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where P, corresponds to the power of each comb line and Q,, = Q, + nAQ, represents the (angular)
frequency of each of the comb lines, with AQ being the comb frequency pitch (in rad/s). As is well
known, the absolute phase of the comb lines, ¢,,, does not affect the overall filter transfer function
whereas only the phase difference between the two arms of the interferometer plays a note-worthy

role [41]. Consequently, the ¢,, can be altogether neglected in the following equations.

Following the Pulse Shaper, the shaped tones are split into two interferometric arms to
provide for the carrier and side-band signal modulation [54]. The fraction of the power directed in
the lower arm of the interferometer (modulator arm) is a, for the a:1-o input power split ratio of

the interferometer.

':]“'Se Dispersive RF
J.“.“.“. g ;fer element Output

RF Input

Figure 3. 1 The setup for higher-order dispersion compensation in dispersive element in RF-photonic flat-top filter
generation (IM: Intensity Modulator and a.:1-a. is the input power split ratio of the interferometer).

A flat-top filter, having a sinc-like profile in the time domain necessarily needs to support
tap coefficients of both positive and negative signs. Therefore, a second pulse shaper is required
to regulate, or impose the phase of the respective filter taps. We additionally note that the phase
applied by this pulse shaper could be also used to implement the wide bandwidth higher-order
dispersion compensation. Although apparently, the most flexible, the utilization of the second
pulse shaper does not come about without its own issues. Specifically, the phase modulation depth

and finite frequency resolution (i.e., 10 GHz for the unit used in our experiments) of the device
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limits the ability to compensate the phase with arbitrary accuracies. Consequently, taking into
account the practical device limitations, the intra-interferometer placement of the pulse shaper has
been recognized as the most practical experimental configuration for higher-order dispersion
compensation. Therefore, the pulse shaper #2 in the lower interferometric arm is considered to
regulate the tap phase. The amplitude and phase apodized comb is then double-sideband modulated
in an electro-optic intensity modulator driven by the input RF signal. A Variable Delay Line (VDL)
in the upper arm of the interferometer is used to vary the filter center frequency. Considering the
time delay, 7, imposed by the VDL and the double-sideband modulation in the lower arm of the
interferometer, the electric field corresponding to the nth comb line after the interferometer can be

expressed as:
i —j TV a . i
e, (t) o \/P,e/nt {e Jtn ]Zf /E sm(a)t)e”/’n} + c.c. (3.2),

by taking the small-signal approximation for the input RF signal [54], where v,, is the phase
applied to each tap by the intra-interferometer pulse shaper, v, is the half-wave voltage of the
modulator, and o and v are the frequency (in rad/s) and the maximum voltage of the input RF
signal, respectively. As previously noted, the relative time delay between the filter taps is produced
by the dispersive element inserted after the interferometer. In this analysis, up to its fourth-order

dispersion is taken into consideration. Thus, the phase introduced by the dispersive element is:
D(Q) = Oy + 01(2 — Q) +3560,(Q — Qo)? +205(Q — Qp)® + 2-0,(Q — Qp)* (3.3),

where 8 = —BL, B is the propagation constant and L is the length of the dispersive element.

Consequently, the electric field at the input of the photodetector is given by:
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en(t) o /Pnejﬂnt{e_jrﬂnejd)(ﬂn) f— Ae](‘)te]q)(ﬂn'l'(‘))e]lpn + Ae_jwtej¢(ﬂn_w)ej¢n} + c.C.

(3.4),

where A = % /ﬁ On the other hand, the current at the output of the photodetector is

2
proportional to the time-averaged magnitude-squared of the electric field (i(t) o 92<‘e(t)‘2> where

R is the responsivity of the photodetector). If we define the filter transfer function as the ratio of

the output voltage and the system input voltage, the transfer function can be expressed as:

H(w) 106 Zn Pne_jTQne—fq"nej[d)(ﬂn)_‘b(ﬂn_w)]

— Y P,et el ¥nel[®@ntw)-0(@p)] (3.5).

We refer to the first and second terms on the right side of Eq. 3.5 (namely the upper and the lower
sidebands) as H_(w) and H, (w), respectively. Based on Eq. 3.3 and Eq. 3.5, the two sidebands

can be expressed as:
H_ Y, B,e /T e=i¥Qn) oy (j ((nAQ)(GZw - %93(»2 + %94(»3) +

(A% 60 — ;0,07) + %(nAQ)394w)) (3.6)

Hy x Y, P,et/TmAD)ej¥n) oxp (j ((nAQ)(GZw + %93w2 + %94w3) +
nAQ)2 (00 + ~0,0%) + = (MAQ)30,w) ). (3.7)
2 4 6

Lastly, recognizing the filter bandwidth to be much smaller than its center frequency,

BW < wy, Where wy is filter center frequency, we can safely assume w ~ wy. Therefore, Egs. 3.6

and 3.7 readily offer the sought-after expression for the higher-order dispersion compensation. To

further simplify the expression, we express the resulting phase in a parameterized form as:
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w(Q,) = ¢, + A,(nAQ) + B, (nAQ)? + C, (nAQ)3 (3.8)

where ¢,, is the phase of the time-domain filter coefficients. Hence, the parameters 4,, , B,, and

C,, used for the purpose of dispersion compensation are as follows:
1 1 1 1 1
An = =3 6050f + 20,07, By = 30307 = 2040f, Cn =640y 3.9)
for the H_ and
1 1 1 1 L
An = =5 030F — 30407, By = —30305 — 30,07, Cn=—Cbs0y (3.10)
for the H, band.

It is also worth noting that, in sharp contrast to the RF-photonic filters relying on
noncoherent BOS in which the applied correction phase needs to be continuous, in filters relying
on frequency combs, the needed correction can be performed discretely — i.e., solely in the vicinity
of the comb-line carrying tap coefficients. This both simplifies the task at hand and is certainly

more appropriate considering the inherent finite resolution of the pulse shaper device.
The details of our experimental setup are presented in the following.

3.3.Experimental Setup

The experimental setup used to generate and characterize a sub-GHz flat-top RF-photonic
filter is shown in Figure 3.2. The multiwavelength source was a 25 GHz-pitched all-fiber
parametric comb seeded by a CW laser at 1549.3 nm and Optical Signal-to-Noise Ratio (OSNR)
of 59.6 dB, at 0.1 nm resolution. In contrast to conventional, cavity-based combs, the parametric
comb operates in a traveling-wave regime, generating new frequencies from the seed master

oscillator launched into the multi-segment shock-wave parametric mixer [16]. Specifically, the
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compressor stage in the shock-wave mixer is designed to increase the efficiency of the four-wave

mixing process by generating shock waves with high peak power [55].

Figure 3. 2 Experimental setup of RF-photonic sub-GHz flat-top filter, wherein the modulator was driven by two
different sets of RF signals. First, a VNA was used to characterize the filter transfer function. Once the desired filter
response was achieved by programming the waveshaper #2, the effectiveness of the filter was tested on a set of
digital modulated RF signals generated by a DAC and detected by oscilloscope.

The spectrum of the generated source is shown in Figure 3.3. This wideband parametric

comb was characterized by an OSNR of 45 dB at 0.1 nm resolution.
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Figure 3. 3 Power spectral density of the 25 GHz-pitched optical parametric comb. The local zoom of the spectrum
over frequencies relative to seed laser frequency in the inset shows the 25 GHz spacing of the comb lines.

To synthesize the sub-GHz flat-top filter, 221 comb lines of this spectrum were selected.

The sought-after amplitude and magnitude of the applied filter coefficients in the time domain are
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shown in Figure 3.4. Relating to the experimental schematic shown in Figure 3.2, the attenuation
in pulse shaper #1 was programmed based on the magnitude of these coefficients. The pulse
shapers in the setup were commercial device Waveshaper 4000XS covering both C and L bands.
Following the amplitude shaping an EDFA was inserted in the setup to make up for the losses and

ensure optimal signal level management.

Magnitude (dB)
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Amplitude
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Figure 3. 4 Normalized magnitude and amplitude of the sub-GHz flat-top filter coefficients in the time domain.

The 45 nm bandwidth of the optical spectrum selected for the 221 taps (comb lines) filter
implementation covers a portion of both C and L bands. Therefore, the EDFA in the setup was
specifically designed to have its gain spectrum centered at 1565 nm. A 10:90 coupler was used
after the EDFA, where 90 percent of the input power was directed toward the lower arm of the
interferometer due to higher optical loss in this arm. The modulator used in the experiment had a

half-wave voltage (i.e., the V;) of 8.1 V.

In the experiment, the dispersive medium used to impose the appropriate delay between
the tap coefficients consisted of a span of DCF with a measured dispersion of -81.92 ps/nm at 1545

nm and a total length of only 0.6 km — in sharp contrast to the previous implementations which
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universally used long fiber lengths for the same purpose. The group delay of the fiber was
measured over the 1550-1600 nm wavelength range and is shown in Figure 3.5. Ideally, in the
setup under consideration, the dispersive medium ought to introduce a quadratic phase only - to
closely replicate the designed FIR RF-photonic filter. However, as the variation of the second
derivative of group delay in Figure 3.5 implies, up to fourth-order dispersion of the DCF should
be considered in our experiment. In fact, 85 = —0.75 (ps®) and 6, = 0.0085 (ps*) at 1574.9 nm

wavelength are obtained by polynomial fitting of measured total group delay of the DCF and

. . d
considering that t = 5,8.
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Figure 3. 5 (solid line) Measured group delay of the DCF over 1550-1600 nm, (dashed line) Second derivative of
group delay which its variation implies presence of nonzero fourth-order dispersion of the DCF. Polynomial fitting
of measured group delay shows that 8; = —0.75 (ps®) and 8, = 0.0085 (ps*) at 1574.9 nm wavelength.

The optical signal at the output of the DCF was detected using a photodiode with a 3dB bandwidth

of 20 GHz.

To rigorously capture the filter shape and quality, the modulator was driven by two
different sets of RF waveforms. First, a vector network analyzer was used to generate a frequency
sweep and characterize the filter transfer function. Wherein, the maximum input RF voltage of

0.79 V was used to satisfy the small-signal assumption made in section 3.2. Once the desired filter
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response was achieved by programming the intra-interferometer pulse shaper, an RF digital signal
generated by an Arbitrary Waveform Generator (AWG) was used as a test signal. The output RF

signal was detected by a digital sampling oscilloscope and the data was demodulated and analyzed

offline.

We next proceed to the presentation of the experimental results.

3.4.Experimental Results

3.4.1. Filter response

As already specified in the previous section, the optical parametric comb with spectrum
shown in Figure 3.3 served as the multi-wavelength source in the narrow flat-top filter realization.
The magnitude of the filter time-domain coefficients imposed by pulse shaper #1 is shown in
Figure 3.4. The shaped optical spectrum measured after the DCF, with the modulator arm

disconnected, is shown in Figure 3. 6.
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Figure 3. 6 Shaped optical power spectrum including 221 comb lines measured at the output of DCF. This pulse-
shaper configuration was used for all experimental measurements.
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Figure 3.7 shows the resulting filter spectral shape when the intra-interferometer pulse
shaper phase was programmed based on the time-domain coefficients shown in Figure 3.4, in the
absence of any dispersion compensation. As expected, the unwanted higher-order dispersion
causes severe distortion in the spectral shape of the pre-designed narrow flat-top filter. This
broadened asymmetric spectrum is not caused by TOD only, however. As stated previously, the
45 nm bandwidth of the comb is sufficiently large to be affected by both third and fourth-order
dispersion. To explicitly demonstrate the last claim, the filter transfer function was simulated
considering only 3, and S, of the DCF. The simulation results are shown in Figure 3.7. As is
apparent in Figure 3.7, the filter response is still distorted even without any TOD. Specifically, the
fourth-order dispersion of the DCF results in asymmetry and ringing on one side of the filter

spectral shape.
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Figure 3. 7 (solid line) Measured filter transfer function without any higher-order Chromatic Dispersion (CD)
compensation, (dashed line) Simulated filter transfer function considering only 3, and 3, of the DCF.

Next, the pulse shaper in the interferometer was programmed according to Eq. 3.8 to
correct the tap delay from its departure caused by the higher-order dispersion. Like amplitude

programming in pulse shaper #1, the phase programming of pulse shaper #2 is done iteratively due
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to the limited accuracy of the pulse shapers and the optical network analyzer device used for
measuring the group delay of the DCF. As shown in Figure 3.8, a narrow — 715 MHz-wide flat-
top filter was indeed obtained upon full higher-order dispersion compensation, showing an
excellent agreement with the original filter design. In particular, we note that this demonstration
represents the first flat-top comb-based sub-GHz RF-photonic filter. It equally ought to be
emphasized that the high-OSNR wideband comb generation, as well as the compensation of the
fourth-order dispersion, applied for the first time, to the best of our knowledge, in RF-photonic

filter shaping, were the critical steps in the successful filter realization.
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Figure 3. 8 (solid line) Measured filter transfer function with higher-order dispersion compensation, (dashed line)
Designed filter transfer function.

It is likewise important to note that only a 0.6 km-long DCF piece was used in the
implementation in contrast to the previous demonstrations for flat-top filters with 3 dB bandwidths
of few GHz [33], [50], which invariably relied on significantly longer fibers. The utilization of a
short waveguide in our setup also resulted in a large Free Spectral Range (FSR) of 53 GHz for the
filter. Therefore, the unwanted higher frequency image passband, expected from a double-

sideband modulation in our scheme, was sufficiently far away from the main passband.
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Consequently, the obtained filter could be regarded as a single-passband variety in the considered
frequency range, for all intents and purposes, which significantly simplified the implementation.
Namely, the large FSR is also considerably beneficial in the compensation of higher-order
dispersion in double-passband filters. According to Egs. 3.9 and 3.10, the higher-order dispersion
necessarily imposes different unwanted phase distortions for the lower and upper passbands. The
latter effect necessarily leads to an asymmetric broadening of one of the filter bands, which can
result in the overlap between the filter images. We note that the effect has been rendered

inconsequential in our implementation with a (relatively) short waveguide.

In addition to the above, we note that the utilization of a short piece of DCF in the filter
realization straight-forwardly translates to a lower filter latency, compared to implementations

using kilometer lengths dispersive fiber [51].

3.4.2. Filter Central Frequency Tuning

The constructed narrowband RF-photonic filter was also freely tunable. The center
frequency of the filter was shifted by varying the optical delay in the upper arm of the
interferometer. The captured spectra at five different center frequencies of 11, 11.75, 13.17, 13.75,
and 14.43 GHz, shown in Figure 3. 9, illustrate the shape-invariant tunability throughout the tuning

range.
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Figure 3. 9 Measured filter transfer function when filter center frequency was tuned by varying the optical delay in
the interferometer and higher-order dispersion of the DCF was compensated (3dB bandwidth (MHz) of each filter is
mentioned in the figure).

Figure 3.10 shows the corresponding filter response when no higher-order dispersion
compensation was carried out. By varying the optical delay in the upper arm of the interferometer
from 94 ps to 96.5 ps, the center frequency of the filter was shifted from 10.74 GHz to 14.16 GHz.
As expected, a further severe distortion of filter spectral shape is observed with the filter central

frequency tuning (see Figure 3.10).
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Figure 3. 10 Frequency tuning the filter from 10.74 GHz to 14.16 GHz by varying the optical delay in the upper arm
of interferometer from 94 ps to 96.5 ps (without any compensation of higher-order dispersion of the DCF).
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3.4.3. RF Digital Signal Filtering by the RF-Photonic Filter

In addition to the VNA-based characterization, we tested the filter effectiveness on a set of
RF signals with different modulation formats and bandwidths. In these experiments, we have
emulated an analog RF transceiver [56]. The RF digital modulated signal generated by an AWG
was imposed to the MZM and the RF output signal was detected by a digital sampling oscilloscope.
The captured data was demodulated and analyzed offline. In effect, the data retrieval emulated an
ideal analog RF transceiver without any attempt to compensate, or otherwise mitigate the nonlinear
characteristic of the electro-optic modulator and the photodetector. The measurement was repeated
at three different filter center frequencies with which the input RF signal carrier frequency was
aligned. The constellation diagrams and QF of the retrieved data with carrier frequencies of 11,
13.17, and 14.43 GHz are shown in Figures. 3.11-3.13. We note that the QF in all the
measurements represents the worst-case closest neighbor pair-wise constellation points’

performance for a given modulation case.

As shown in Figure. 3.11, 400 and 700MBaud QPSK data with the carrier frequency of
11GHz were successfully retrieved with a QF of 23dB. On the other hand, the QF for the
900MBaud QPSK case was reduced to 19.1 and 18.3 dB for carrier frequencies of 13.17 and 14.43
GHz, respectively, due to filtering. The 400MBaud 16-QAM signal with a carrier frequency of 11,
13.17, and 14.43 GHz, were also well recovered with QF’s of 12.9, 11.9, and 10.8 dB, as shown

in Figures. 3.11-3.13.
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Figure 3. 11 Constellation of filtered RF channels with the carrier frequency of 11 GHz and different modulation
formats and bandwidths. The center frequency of the filter was aligned to the carrier frequency of the input RF

channel.
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Figure 3. 12 Constellation of filtered RF channels with the carrier frequency of 13.17 GHz and different modulation
formats and bandwidths. The center frequency of the filter was aligned to the carrier frequency of the input RF

channel.
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Figure 3. 13 Constellation of filtered RF channels with the carrier frequency of 14.43 GHz and different modulation
formats and bandwidths. The center frequency of the filter was aligned to the carrier frequency of the input RF
channel.
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The decay in the QF with the carrier (and filter central frequency) tuning is attributed to
the frequency response of the RF photonic link, and the modulator characteristic, in particular.
This link characteristic had to be and has been compensated in the experiment. The link frequency
response was measured when the DCF was removed from the setup, as shown in Figure 3.14. We
note that in order to compare the measurement results with the simulations in the previous section,
this frequency response was de-embedded from the measurement setup as explained in [41]. In

particular, the de-embedding was used in results shown in Figures. 3.7-3.10.
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Figure 3. 14 The experimental setup to measure the frequency response of the RF photonic link.

The obtained frequency response of the link shown in Figure 3.14, clearly demonstrates a roll-off
causing the performance deterioration with the increased carrier frequency mentioned in the

previous paragraph.
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Figure 3. 15 The link frequency response without DCF.
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After the successful demonstration of the filtered reception of a single RF channel with
different modulation formats and speeds, the full filter bandwidth was loaded with seven
100MBaud RF channels having the center frequency spacing of 104 MHz at the center frequency
of 11 GHz, thus emulating a 7-channel sub-carrier transmission scenario in a small cell 5G-like
configuration, albeit at a center frequency not necessarily compliant with that standard [53].
Nevertheless, the central frequency of the experiment in no way diminishes the quality of the
obtained results. Two different channel loading conditions were tested. At first, all channels were
16-QAM modulated. In the second experiment, the two outmost channels were QPSK modulated
with the rest still maintained at 16-QAM modulation, emulating an adaptive bandwidth water-
filling scenario. In offline analyzing the retrieved RF data, each channel was filtered out and the
QF of each one was calculated, separately. QFs of the demodulated data for the two scenarios are
shown in Figures. 3.16 and 3.17 and attest to the successful retrieval of the data and an excellent

filter shape integrity for the relevant RF applications.

Q-Factor (dB)

Channels

Figure 3. 16 Q-Factor of filtered reception of seven 100MBaud 16-QAM RF channels with 104 MHz center
frequency spacing. In post-processing of captured RF data, each channel was filtered out and its Q-Factor was
calculated.
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Figure 3. 17 Q-Factor of filtered reception of seven 100 MBaud RF channels with 104 MHz center frequency
spacing. In post-processing of captured RF data, each channel was filtered out and its Q-Factor was calculated (In
the Figure, M= 4 indicates 16-QAM modulation and M =2 refers to QPSK modulation).

The digital modulation performance characterization presented serves as to attest the
implemented filter integrity, short of the full extent digital signal characterization in terms of the
bit-error-rate curves, which — in view of the number of the cases and scenarios considered would

likely be distracting from the main contribution of this work.

3.5.Summary

We have synthesized the first sub-GHz flat-top RF-photonic filter using a wide bandwidth
all-fiber parametric frequency comb. The measured 715 MHz-wide filter had a high-quality flat-
top spectral profile and its shape-invariant tunability was also demonstrated. The new filter
construction was enabled by a high accuracy third and fourth-order dispersion compensation
adaptively applied to each comb line using a pulse shaper. In addition to the filter characterization
by a VNA, its integrity was also verified on RF digital signals. Specifically, a successful single RF
channel retrieval at three different carrier frequencies for QPSK and 16-QAM modulation with

symbol rates ranging from 400 to 900MBaud was demonstrated. Additionally, up to seven
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100MBaud subchannels with 104 MHz spacing fully occupying the filter bandwidth and carrying
QPSK and 16-QAM modulation were also successfully retrieved (as demonstrated by the
performance shown in Figures. 3.16 and 3.17), fully attesting the realized filter compliance with

the RF signals of high practical interest.

The new narrow bandwidth filter synthesis paves the way for tunable bandpass RF filtering
at remote 5G nodes; relaxing the high-resolution requirement on the necessary ADCs, whereas a
number of novel concepts introduced in this work enable previously unattainable performance,

which open a door to new applications and architectures in the field of RF photonics.

Chapter 3, in part, is a reprint of the material as it appears in Journal of Lightwave
Technology, vol. 38, no. 6, pp. 1194-1201, (2020), titled “Demonstration of a Sub-GHz Flat-Top
Comb-Based RF-Photonic Filter Enabled by Fourth-Order Dispersion Compensation” by Zahra
Serahati, Eduardo Temprana, Evgeny Myslivets, Vahid Ataie, Nikola Alic, and Stojan Radic. In
addition, Chapter 3, in part, is a reprint of the material as it appears in 2019 IEEE Photonics
Conference (IPC), 2019, pp. 1-2, titled “Demonstration of the First Sub-GHz Comb-based RF-
Photonic Flat-top Filter” by Zahra Serahati, Eduardo Temprana, Evgeny Myslivets, Vahid Ataie,
Nikola Alic, and Stojan Radic. Lastely, Chapter 3, in part, is a reprint of the material as it appears
in Frontiers in Optics 2019, paper FTu5B.5., titled “Compensation of Fourth-Order Dispersion
Induced Distortion in Comb-Based Microwave Photonic Filters” by Zahra Serahati, Eduardo
Temprana, Evgeny Myslivets, Vahid Ataie, Nikola Alic, and Stojan Radic. The dissertation author

was the primary investigator and the primary author of these articles.
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Chapter 4  Chromatic Dispersion Compensation in Parametric Channelizer Assisted
High-Baud Rate Coherent Receiver

4.1.Introduction

We shall now depart from the analog applications and will shift the attention to arguably
the most salient utility of photonics — namely high-speed fiber optic communications. Considering
the constant growth rate of the global internet capacity of approximately 30% per year [57], as we
said before, there exists a definite necessity for higher speed, and more cost-effective optical
communication network infrastructure [58]. With this ever-increasing demand driven by 5G
applications, cloud computing, high-definition videos, and artificial intelligence, it should come
as no surprise that the global Internet Protocol (1P) traffic is expected to reach 4.8 ZB (102! bytes)

as soon as 2022 [58].

Historically, the system capacity increase has been enabled by the momentous evolution
of optical transmission systems. During the 1990s, the emergence of practical Erbium-Doped
Amplifiers (EDFAs), which provided a large gain over a wide bandwidth, laid the foundation to
the establishment of wavelength-division multiplexed intensity-modulation and direct-detection
(WDM-IMDD) systems [59]. However, the intensity-only modulation in these systems restricted
the increase of system capacity within the so-called Conventional band (C-band) portion of the
infrared spectrum. Soon after, the commercialization of coherent optical communication systems
has offered a significantly higher spectral efficiency with respect to the systems from the 20"
century. In fact, optical coherent intradyne detection was indeed the breakthrough technology for
achieving 100Gb/s per wavelength channel [58]. Single-carrier 400 Gb/s bit rate with the total
system capacity of 20 Th/s, or more, have been established in the contemporary commercial WDM

systems. Furthermore, single-carrier data transmission with more than 1 Tb/s has been
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implemented in the laboratory, whereas the next generation 800 GbE or even 1.6 TbE (10*? bits

Ethernet) are also on the horizon [3], [59], [60].

As noted previously, in coherent optical systems, information is encoded in the amplitude,
phase, and polarization of light. And with the relatively high receiver sensitivity, optical coherent
communication systems support data transmission at higher speed and extended reach on each of
its numerous wavelength channels [59]. Besides that, access to the full electric field information

allows mitigation of the transmission impairments using digital signal processing.

To increase the data rate transmitted by a single-wavelength (or equivalently — a carrier)
coherent optical system, one can generate either higher-order QAM formats or increase the baud
rate. The former requires a higher OSNR for detection and is less tolerant to the phase noise and
nonlinear effect. Also, very high order QAMs are difficult to generate and detect owing to the
associated reliance on high-resolution digitizers [3]. In fact, as a general rule, the Effective Number
of Bits (ENOB) is a monotonically descending function with bandwidth [61]. Therefore,
increasing the signal baud rate is a more promising candidate to increase the system capacity.
Indeed, the growth trend of the baud rates for different QAM orders indicates its increase with a
pace of 12 GBd per year [3]. Presently, the highest generated (square root) raised cosine-shaped

QAM modulations have been: the 220 GBd QPSK [1] and 128 GBd 16-QAM [2].

Nevertheless, high baud rate transmission has challenges of its own. Firstly, the high baud-
rate signal becomes more susceptible to Chromatic Dispersion and Polarization Mode Dispersion.
Considering that the chromatic dispersion penalty is proportional to o« R2L [62], where R is the
symbol rate and L is the transmission length. In fact, the CD compensation is one of the most

power-hungry blocks of the DSP chain in high baud rate or/and long-haul transmission [63], [64].
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More importantly, wide-bandwidth (i.e., high speed) optoelectronic components, e.g.,
photodetector, trans-impedance amplifier, ADC, and electronic processors or Application-Specific
Integrated Circuits (ASICs) are needed in high-baud rate transmission systems. In the
demonstrations of high-baud rate transmission so far, the bandwidth limitation of the optical and
electrical components has usually been mitigated by taking advantage of digital equalizers [1],

[57].

The low bandwidth and sampling speed of the commercially available (digital) converters,
e.g., ADCs, is a dominating barrier toward high-baud rate transmission [65]. As mentioned before,
one of the main advantages of coherent optical communication is the ability to digitally mitigate
transmission impairments. And digitizers are the essential components enabling digital signal

processing.

It should be noted that the precision of the high-speed ADCs is limited at high data rates
[66]. Moreover, the integration of ADCs with the digital signal processor, requires that the former
be implemented in Complementary metal-oxide-semiconductor (CMOS). However, the fastest
CMOS converters still have relatively speaking — moderate electrical bandwidths, e.g., BW o« 20
GHz for 92 GS/s ADC [65], [67]. While InP-based converters have provided real-time
oscilloscopes with beyond 200 GS/s sampling rate and bandwidths beyond 100 GHz, they cannot
be utilized in commercial communication systems due to their inherent incompatibility with the
CMOS process, high cost, and high power consumption [67]. As a more practical solution, high-
speed converters with sampling rates higher than 100 GS/s and up to 60 GHz BW have been
proposed in Si/SiGe Fully Depleted Silicon on Insulator (FDSOI) CMOS and SiGe Heterojunction
Bipolar Transistor (HBT) Bipolar CMOS (BiCMOS), which could be placed in-between the trans-

impedance amplifier and CMOS ASIC [67], [68]. In [69], the reception of optical 2x56-GBaud
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QPSK signal was reported by electrical spectrum decomposition technique using ultra-broadband
electrical bandwidth divider. However, even in these configurations, high-speed photodetector and

TIA were needed.

In [70], the reception of 214 GBd PDM-QPSK was demonstrated using a 228-GHz
spectrally sliced coherent receiver, wherein the wide bandwidth of the optical signal was divided
into six narrower frequency bins by an optical demultiplexer, and comb lines of an optical
frequency comb were used as a local oscillator for coherent detection. However, as the importance
of dual-comb configuration for channelization is clarified in [71], the requirement of precise
optical signal-filter alignment and flattop filter response limits the application of the spectrally

sliced receiver reported in [70].

Considering these restrictions, our study has focused on the architecture entailing hybrid
optical and electrical signal processing enabling high-quality CD mitigation of high-baud rate
single-carrier optical signals. Based on simulations, we have accomplished 214GBd QPSK and
107GBd 16-QAM, high-quality CD compensation of the wideband signals based on a parametric
optical channelizer. The physically assisted CD compensation relied on commercially available
low-speed optoelectronic components, analog-to-digital converters, and filter-bank-based DSP.
The results presented are based on a rigorous simulation developed in a close match with the
extensive experimental results on parametric amplification, multicasting, and channelization [16],

[71]-[75].

The remaining part of this chapter is organized as follows. In section 4.2, the principle of
parametric optical channelizer is described, including the details of the designed 8-channel

construct, which was used for processing. Also, the principles of the developed sub-band digital
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CD compensation and signal reconstruction are explained. The results are summarized in section

4.3, whereas the overview of the work and its implications are contained in section 4.4,

4.2.Physically assisted chromatic dispersion compensation using an optical channelizer

The optically assisted processing architecture based on a parametric optical channelizer is
shown in Figure 4.1. Stemming from the general concept of the parametric channelizer [72], the
fundamental proposition of the architecture shown in Figure 4.1 is to divide the wide bandwidth
of the incoming high-baud rate optical signal into a number of narrower frequency bins and
coherently detect each of them. The received (and converted) photo-detected signal is then sent to
a set of high-resolution and low-speed Analog-to-Digital Converters. After the ‘per sub-channel’
mitigation of chromatic dispersion, a digital filter bank is utilized to reconstruct the wideband

signal from the channelized slices.
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Figure 4. 1 Physically assisted chromatic dispersion compensation using an optical channelizer.

4.2.1. Principle of Parametric Optical Channelizer
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The received high-baud rate optical signal is first replicated on a Af-pitched frequency grid
by a parametric mixer, which is described in detail in [73]. For the sake of general description, for
the time being, let us suppose that the parametric multicasting is ideal, i.e., each copy is an exact
replica of the received signal. Then, a frequency locked comb with Af + § spacing and precisely
offset from the multicast grid is used as a bank of local oscillators, as shown in Figure 4.2a. Each
tone of this reference comb is mixed with the closest signal replica in a separate coherent receiver
and the low-pass frequency response of the photodiode acts as an electrical filter, shown in Figure
4.2b. The coherently detected signal of each sub-channel (i.e., a slice) is digitized, and the full-

field analysis and processing are performed in the digital domain on a per-sub-channel’ basis.
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Figure 4. 2 Principle of Parametric Optical Channelizer. a) Multicasting comb and corresponding LO tones. b)
coherent detection of each pair of signal copies and the corresponding LO tone.

Nevertheless, in a parametric multicasting mixer, the generated new sidebands through
Modulation Instability (MI) and phase conjugation are phase-conjugates of the original signal [74],
i.e., Xpew(t) = x*(t). Thus, phase conjugation in the frequency domain implies spectral reversal:
Xpew (@) = X*(—w) [76], whereas, the phase-conjugated copies in our designed 8-channel optical

channelizer ought to be sampled at w = w, — nd/2 instead of w = w, + nd/2, where w, is the
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center frequency of the copy and ¢ is the channel spacing. Therefore, the required frequency
sampling of the channelized spectrum cannot be accomplished by a single equispaced LO comb.
Instead, two LO combs with a frequency pitch of 2Af,, + 26 and 2Afy,, — 25 are needed to
accomplish the proper sampling in frequency. Alternatively, every other copy could be used for
channelization, avoiding the conjugate copies (i.e., with a multicasting comb with frequency
spacing of 2Af,, ). However, the latter approach would result in the doubling of the comb spectral

span requirement.
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Figure 4. 3 Sampling the multicasting comb with two LO combs with a frequency pitch of 2Afy, + 28 and 2Af;, —
26.

The parametric mixer design for multicasting and both LO combs was the same as
discussed in [16]. These dual pump mixers, as shown in Figure 4.4, consist of a cascade of
compression stage and mixer, which is a Dispersion-Flattened Highly Nonlinear Fiber (DF-HNLF).
The compression stage itself was a cascade of high-y HNLF and SMF, where vy is the nonlinear
coefficient of the fiber. As mentioned in Figure 4.4, the positive chirp introduced by the highly
nonlinear fiber followed by the positive dispersion in SMF results in pulse compression and the

generation of high peak power pulses. Mixer Figure of Merit (FOM) is proportional to « yP,_, L,
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where the P, is the peak power of the incoming pulses and L is the length of the mixer. Thus,

as mentioned in section 3.3, the generation of high peak power shock waves in the compression
stage increases the efficiency of mixing and results in the generation of a higher number of

frequency tones.

Compressor Mixer

NN @ Positive Chirp @Dw @ A

High-y
HNLF

SMF DF-HNLF

Figure 4. 4 Parametric mixer consisting of a cascade of compression stage and mixer.

An 8-channel parametric channelizer with channel spacing of 29.47 GHz was designed as
follows: The frequencies of the pump lasers for multicasting comb were 193.04 THz and 194.51
THz; conversely, the pump frequencies for the LO1 comb (i.e., that sampling even channels as
shown in Figure 4. 3) were 193.4 THz and 194.16 THz, whereas those for the LO2 (sampling the
odd channels) the pump lasers frequencies were 193.42 THz and 194.13 THz. The pump lasers of
our dual-pump parametric mixers were followed by an EDFA with a Noise Figure (NF) of 6dB
and output power of 32dBm. The carrier frequency of the QAM signal was 193.41 THz. The High-
vy HNLF had a nonlinear coefficient of 18.46 W/km, dispersion parameters of D =-0.5 ps/nm/km
and dispersion slope = 0.03 ps/nm?/km, and for the SMF the dispersion parameters were D = 17
ps/nm/km and dispersion slope = 0.06 ps/nm?/km. The DF-HNLF fiber had a nonlinear

coefficient y of 8.46 W/km and a dispersion profile as shown in Figure 4. 5.
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Figure 4. 5 Dispersion profile of the DF-HNLF.

The lengths of high-y HNLF, SMF, and DF-HNLF in the multicasting comb were 12m,
0.8m, 50m, respectively; while in the LO1 they corresponded to 15m, 2.3m, and 40m, and in LO2
amounted to 15m, 2.7m, 40m. The resulting parametric channelizer spectrum is shown in Figure
4. 5. It covers 5.4 THz (43.11 nm). The channelizer was optimized with respect to the crosstalk

and not necessarily for the noise figure.
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Figure 4. 6 Parametric channelizer spectrum: Multicasting comb and LO tones.

However, in reality, the parametric response is not uniform across the generated signal
replicas, as supposed at the beginning of the sub-section 4.2.1. The last fact is easily recognized in
Figure 4. 6, wherein power variation across replicas is clearly observed. Another aspect that
requires attention in processing is the finite and varying dispersion of the fibers in the setup, which

introduces a varying phase response, as well as unequal delays across the replicas. Therefore,
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signal slices need to be equalized prior to processing and signal reconstruction. Specifically, in
order to align the detected signals in each channel and reconstruct the signal perfectly, this power
and phase variation were equalized prior to the standard digital signal processing. The complex
transfer function of the bands’ equalizer was extracted from the system response to a known

training signal sequence at back-to-back, for averaged multiple (noise) realizations.
4.2.2. Sub-band Chromatic Dispersion Compensation and Signal Reconstruction

As is well known, coherent detection allows for straightforward chromatic dispersion
mitigation by DSP. In contrast, to the most pursued compensation in the Fourier domain over the
whole spectrum, here the CD compensation is performed on each extracted sub-band, prior to

signal reconstruction.

Channel 1
54(t)

Sub-band
CD Compensation

Received || Optical
Optical Signal || Channelizer

Sub-band
CD Compensation

Sy(t)
Channel N

Figure 4. 7 Digital signal processing of the detected signal in each channel.

A bank of trapezoid filters [77] was used for perfect signal reconstruction, as shown in Figures 4.

7. and 8.
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Figure 4. 8 Bank of trapezoid filters over the whole spectrum of the high-baud rate signal.

The transfer function of chromatic dispersion (in the frequency domain) can be expressed as

follows:

: 2 DL
Hep(w) = e/K0" K = — )2
CD( ) ) 47C, '

where D is the dispersion coefficient of the fiber, L is the propagation length, A, is the wavelength

of the carrier and Cj, is the speed of light.

If we divide this frequency range of w € Q into narrower frequency bins w € Q,,

chromatic dispersion compensating filter in each bin becomes:
H(w + w;) = e JK@rod® =
—j 2 i .
e JKw; e JZlestub (w)
where w; is the center frequency of each bin and H,,,;, (w) is common among all sub-bands:
Hgup (@) = e 77K9% o € Q.

The transfer function of the chromatic dispersion for the signal over frequency range w € Q has a

form of an all-pass filter [19].
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4.3.Results

The results presented in this section were obtained by VPIphotonics software rigorously
replicating the systems and sub-systems of the single polarization channelizer architecture
experiments performed by the Photonics Systems Group. In all transmission simulations, the spans
of 75km SMF, with D =17 ps/nm/km and 0.2 dB/km attenuation, cascaded by an EDFA with NF
of 6dB were used in the transmission link. The transmitted signal pulses had raised cosine shape
with a roll-off factor B = 0.01. Since lasers with finite linewidths were used in all simulations, the

Carrier Phase Estimation (CPE) was performed in the DSP chain.

In Figure 4. 9, shown are the back-to-back constellation diagrams of 214GBd QPSK as
well after transmission over L = 75km fiber and CD compensation without analog to digital
discretization. In these simulations, the laser linewidth of the signal carrier and LO for the full-
bandwidth detection were 102 kHz and the linewidth of the pump lasers in all three combs was
25.5 kHz. The QF of the back-to-back optical transmission of 214GBd QPSK is 22.69dB. The QF
of signal detection using optical channelizer, after CD compensation and CPE, was reduced to
17.08dB, owing to the noise added by the EDFAs (with NF = 6 dB) in the transmission link, as

well as the parametric channelizer.

QF = 22.69 dB QF =17.08 dB
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Figure 4. 9 Constellation of 214GBd QPSK: a) Back-to-Back. b) After transmission (L = 75 km) and CD
compensation using Optical Channelizer without analog-to-digital conversion.
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The QF evolution with the propagation distance for 214GBd QPSK signal and CD
compensation relying on the optical channelizer is shown in Figure 4. 10. The results show a
maximum transmission reach of about 600km. The assumed threshold QF for the maximum reach

was 10dB considering the 7% FEC overhead assumed in the transmission [78].

—&— W/ Optical Channelizer
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Figure 4. 10 QF versus transmission length in 214GBd QPSK transmission with CD compensation using the optical
channelizer (signal and LO laser linewidth is 102 kHz, and the pump laser linewidth is 25.5 kHz), without analog-to-
digital conversion.

The performance of CD compensated 107GBd 16-QAM was also studied. In this case, only
four sub-channels were sufficient for the signal channelization, with the filter-bank channel
spacing maintained at 29.47 GHz. The QF of back-to-back detection, as shown in Figure 4. 10, is
17.56dB. The CD compensation based on the optical channelizer after 75km transmission yielded

a QF of 13.57dB.

a) Back-to-Back b) W/ Optical Channelizer
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Figure 4. 11 Constellation of 107GBd 16-QAM: a) Back-to-Back. b) After transmission (L = 75 km) and CD
compensation using Optical Channelizer without A-to-D discretization.
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As inferred by the QF trend shown in Figure 4. 11 for different transmission lengths,
107GBd 16-QAM, the maximum transmission length enabled by the parametric channelizer

corresponds to over 400km.

13 —&— W/ Optical Channelizer
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Figure 4. 12 QF versus transmission length in 107GBd 16-QAM transmission with CD compensation using the
optical channelizer (All lasers’ linewidth is 25.5 kHz)., without analog-to-digital conversion

In all the results discussed so far, signal processing has been done on the continuous
amplitude detected electrical signals. However, the critical component defining the overall system
performance in high-speed systems is the analog to digital converter. Therefore, the main
advantage of the channelized approach is the ability to rely on a number of relatively small
bandwidth and high-resolution ADCs (as opposed to a single digitizer covering the full bandwidth
of the signal yet having a low resolution). Consequently, we have also studied the effect of the
quantization in 214GBd QPSK transmission. The resolution of the ADC in full bandwidth
detection was 2 bits, and 5 bits ADC was considered in the case of the signal captured by the

optical channelizer.

While InP-based oscilloscopes with ENOB of 5 bits at 110 GHz are available [79], as
mentioned before, they are not suitable for real communication systems. Recently, 97GS/s ADC

with 40 GHz analog front end bandwidth in 7nm FInFET was reported [80]. To achieve higher
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sampling rates in CMOS digital signal processor ASICs and bridge the gap between high-speed
optical inputs and bandwidth limited digitizers, utilization of a SiGe front-end was proposed [81].
By using a 1-to-4 analog demultiplexer in SiGe front end and time interleaving of four low-speed
ADCs, the detection of up to 128 GBd symbol rates was enabled. In this configuration, the
estimated resolution of the four output signals of the analog demultiplexer was more than 3-bit
ENOB across the 6-dB bandwidth. Besides that, the 13 dB SNR of the received 128-Gbaud
NRZ/OOK and PAM-4 signals corresponded to 2-bit ENOB [81]. Considering these reported
effective number of bits for high-speed ADCs and the fact that ENOB is a monotonically
decreasing function of bandwidth, it was reasonable to consider 2-bit ENOB ADC in full-

bandwidth detection of 214 GBd QPSK signals.

As expected, the inexorable coarse quantization (with 2 bits) in the full bandwidth approach
severely limits one’s ability to maintain the signal integrity through digital signal processing and
the QF (shown in Figure 4. 13) exhibits a significant drop. In sharp contrast, the higher resolution,
ADCs associated with the optical channelizer (5 bits), results in as much as 6dB QF improvement

in CD mitigation after the first span of 75km.

a) Back-to-Back b CD Compensation on Full-Bandwidth C W/ Optical Channelizer
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Figure 4. 13 Constellation of 214GBd QSK with 2 bits and 5 bits ADC in full-bandwidth and channelizers receivers,
respectively: a) Back-to-Back. After transmission (L = 75 km) and CD compensation b) on Full-Bandwidth c¢) using
Optical Channelizer.
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For a broader insight, the QF versus transmission length for 214GBd QPSK in Figure 4.
14 shows that the higher resolution ADC in the optical channelizer significantly extends the
transmission reach. The maximum transmission length in full bandwidth detection with 2bits ADC
is only about 200km. In sharp contrast, the reach is more than tripled to 675km in CD

compensation when relying on the optical channelizer.

—&—Single Channel - 2 bits ADC
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Figure 4. 14 QF versus transmission length in 214GBd QPSK transmission with 2 bits ADC in full-bandwidth, and 5
bits ADC in optical channelizer receivers (In optical channelizer signal and LO laser linewidth is 102kHz and the
pump laser linewidth is 25.5kHz).

4.4.Summary

In this chapter, we have presented rigorous simulation results on chromatic dispersion
compensation in high baud rate signals employing 8 and 4-channel parametric optical channelizers
in asingle polarization. The simulated parametric channelizer covered 5.4 THz and was fully based
on the extensive experiments previously conducted. The filter bank resulting from the parametric
channelization had a channel spacing of 29.47 GHz. The results demonstrate that the very high-
speed systems can benefit tremendously from higher resolution ADCs as compared to the full-
bandwidth approach, for high baud rate signals since it allows preservation of the signal integrity
after propagation and successful CD compensation in transmission lengths up to 600km and

400km in 214GBd QPSK and 107GBd 16-QAM, respectively. In particular, higher resolution
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ADC allowed by the parametric channelizer processor results in 6dB QF improvement even at the
transmission over only 75km. More importantly, the transmission reach (assuming the FEC
threshold of 10 dB Q factor, for a simple block code) enabled by the channelization corresponded
to more than 675 km, as compared to only 200 km reach in the standard full-bandwidth approach
limited by the corresponding 2bits ADC resolution. The demonstrated reach tripling not only
speaks to the benefits of the channelization approach but also fully justifies the added complexity

of the parametric channelization.

All things considered, the proposed physically assisted CD mitigation based on a
parametric optical channelizer has been shown to be highly beneficial for channel impairment
mitigation and extending the transmission reach in high-speed optical transmission. The method
serves as an effective bridge between the high bandwidth offered by fiber-optic medium and high-
quality low-speed electronic components— in particular the high-resolution digitizers, as well as
the pipelined low-speed digital signal processing. Significant additional performance
improvements of the physically assisted detection are readily possible by further optimization of

the parametric channelizer performance.

Chapter 4, in part, is a reprint of the material submitted to IEEE Photonics Journal, titled
“Parametric Channelizer Assisted Chromatic Dispersion Compensation in High-Baud Rate
Coherent Systems” by Zahra Serahati, Nikola Alic, and Stojan Radic. The dissertation author

was the primary investigator and the primary author of this article..
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Chapter 5 Conclusion

5.1.Dissertation Summary

As has been pointed out, as well, made abundantly clear by the presented results in this
thesis, high-capacity communication systems are needed to meet the demand of the extensive
growing trend of data traffic. The aim of the new generation 5G mobile network is to serve as a
unified platform for various users and applications, including person-to-person, M2M, and person-
to-machine connection, and, as such, it covers a wide range of frequencies with different signal
bandwidths and carrier spacing. The data traffic growth also requires an immense capacity
expansion in coherent optical fiber transmission systems. This clearly points out an extensive need
for high-speed optical and electrical components in the backbone of our communication networks.
In addition, as has also been shown in this thesis, high-resolution and high-speed ADCs are
required in these systems. Thus, we face the fundamental limit of ADCs’ resolution at high speeds
(i.e wide bandwidths). Also, simultaneous programmability and rapid frequency-tunability in RF
subsystems appear to be critical features in the new network. Considering these challenges in the
wireless and optical communication systems and potentials of the photonic technologies, in this
dissertation, we proposed and investigated the utilization of hybrid optoelectronic subsystems in
high-speed and high-capacity communication networks, instead of their all-electronic counterparts.
Using electronic and photonic components with bandwidths compatible with the commercially
available devices, these hybrid subsystems offer functionalities with equivalent or even better

performance, unprecedented in the all-electronic subsystems.
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In chapter 2, we reviewed the background regarding the material discussed in this
dissertation. First, pulse propagation through fiber and its governing equations were discussed.
Then, the chromatic dispersion effect in the optical fibers, which played somewhat contradicting
roles in this dissertation was explained. The chromatic dispersion effect was taken advantage of to
introduce a frequency-dependent delay and in turn, allow for narrow RF filter construction. In
contrast, CD as the major impairment in fiber optic systems has been digitally mitigated to retrieve
the data that had been disintegrated by propagation through the fiber. Then, coherent modulation,
detection, and metrics for quantifying the optical signal quality were discussed. The configuration
of a digital coherent optical transmission system was briefly reviewed, following the signal from
the transmitter to the receiver. The digital signal processing chain in the coherent transmitter and
receiver was discussed. Particularly, the chromatic dispersion detriment in coherent optical
transmission systems, causing vast intersymbol interference, as well as mitigation of this effect

using digital signal process (or digital filters) were explained.

In chapter 3, the demonstration and characterization of a new- first of its kind - sub-GHz
flat-top comb-based FIR RF-photonic filter was presented. The flat-top spectral shape, for filtering
the Nyquist-shaped RF signals in communication channels, and the less than GHz bandwidth in
practical RF filters are among their critical features. However, the previously reported comb-based
RF-photonic filters rarely had flat-top spectral shape, or the bandwidth of those flat-top filters
exceeded 1.5 GHz. By phase and amplitude control of a wideband 25GHz-pitched parametric
optical frequency comb, we have realized a narrowband flat-top comb-based RF-photonic filter.
The high number of comb lines used in our implementation enabled the realization of a sub-GHz

filter. However, the utilization of a wide bandwidth parametric optical frequency comb, 45nm
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window, revealed the detrimental effect of higher-order dispersion of the optical fiber on the RF-
photonic filter shape. The notable compliance of the implemented RF-photonic filter to the
designed filter and its shape-invariant center frequency tuning was enabled by a precise higher-
order dispersion compensation employing a pulse shaper. The up to fourth-order dispersion
compensation, which was implemented for the first time in these filters, enabled the

characterization of a 75 MHz-wide high-quality flat-top filter.

In chapter 3, first, the theory and working principle of the comb-based RF-photonic filter
as well as the equations for phase correction using pulse shaper and up to fourth-order dispersion
compensation were presented. Then, the implemented experimental setup was explained. First, the
filter transfer function was characterized by a VNA. By varying the optical delay in one arm of the
interferometer in the setup, the filter center frequency was tuned from 10.74 to 14.16 GHz. Precise
control of the higher-order dispersion of fiber resulted in keeping the filter bandwidth and spectral
shape almost the same in this frequency tuning. The integrity of the filter was further verified by
retrieval of a set of digitally modulated RF channels. The single-channel RF signals with 400 to
900 MBaud symbol rates for QPSK and 16-QAM modulation format were successfully recovered
at three different center frequencies. Additionally, successful retrieval of seven 100 MBaud
subchannels with 104 MHz spacing carrying QPSK and 16-QAM modulation was also
demonstrated. The shape-invariant filter center frequency tuning and robust retrieval of almost 5G-
compatible RF channels promise their application in the 5G network which covers a wide range
of frequencies and different signal bandwidths. Besides simultaneous programmability and rapid
frequency tuning capabilities in these filters, another outstanding advantage of them is to relax the

high-resolution ADC requirement.
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In chapter 4, we have proposed and investigated the parametric channelizer-assisted
chromatic dispersion compensation in high baud rate coherent systems. Chromatic dispersion
penalty which scales with the signal square of the (symbol) signal rate limits the transmission reach
if not compensated precisely. Consequently, as the number of capacity and bandwidth-hungry
services keeps increasing and, accordingly, the baud rate of single-carrier QAM optical coherent
signals, the need for reliable and cost-effective approaches to detect and digitally process the high-
speed coherent signals continues to be of prime importance. In chapter 4, first, the principle of
parametric optical channelizer, sub-band chromatic dispersion compensation, and signal
reconstruction using a digital filter bank was explained. Then, the details of our parametrical
optical channelizer design were provided. The numerical simulation was performed in
VPIphotonics software. It was demonstrated that channelizer-assisted CD compensation, without
considering the analog-to-digital conversion in the receiver, supports 214GBd QPSK and 107GBd
16-QAM optical signal transmission up to 600km and 400km, respectively. The channelizer-
assisted chromatic dispersion compensation manifested its exceptional benefit when analog-to-
digital conversion and ADC resolution reduction at higher bandwidths.was taken into account.
Specifically, a 5bit-ADC consistent with the narrow bandwidth processing enable with the
parametric channelizer, a 6dB QF improvement over the full-bandwidth detection with 2bits ADC,
was shown in CD compensation of 214GBd QPSK optical signal (after 75km transmission length).
More importantly, considering higher-resolution digitization in the optical channelizer, the
maximum transmission reach was extended from 200km in full-bandwidth to 675km in

channelizer-assisted CD compensation.

5.2.Future Outlook
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5.2.1. Flat-top Comb-based RF-photonic Filter

In the implementation of the flat-top comb-based RF-photonic filter, presented in chapter
3, our main goal was to achieve a narrowband flat-top spectral shape which supports the Nyquist-
shaped RF signals. And the sub-GHz filter bandwidth, which was achieved for the first time in this
type of filters, make these filters finally to be more of practical use. We have successfully achieved
this goal by using a wideband parametric comb with 221 comb lines, the highest number of the
comb lines or filter taps reported so far in these filters. Moreover, we have managed to precisely
mitigate up to fourth-order dispersion of the fiber, which was also proposed and implemented for

the first time, to achieve the designed flat-top filter shape.

It should be noted that RF gain and Noise Figure are the two critical parameters defining
the radio frequency performance of the RF systems [82], [83]. The measurement of these
parameters was not in the scope of this thesis. In our configuration, we have used a single square-
law photodetector to detect the filtered RF signal. However, using balanced detection, instead, will
result in a 6dB RF gain increase and common noise cancelation [83]. Therefore, a worthwhile
approach to continue this research is to implement balance detection in our flat-top filter

configuration and measure the RF gain and NF.

5.2.2. Channelizer assisted chromatic dispersion compensation in high baud rate
coherent systems

In the other area of our investigation — that of channelizer assisted CD compensation,
discussed in chapter 4, we have considered the effect of digitization in the receiver. And owing to

the channelizer-assisted detection, no high-speed electro-optic (EO) or optoelectronic (OE)
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devices needed to be used. However, in the generation of the high baud rate QAM optical signals,
we have not considered any non-ideality. Different schemes for the generation of high baud-rate
optical signals using the available limited bandwidth EO/OE devices have been proposed,
including electronic time-division multiplexing (ETDM), high-speed DACs, multiple spectral
slices synthesis multiplexing, and digital bandwidth interleaving (DBI) [3], [58]. As a next step, it
would be beneficial to consider the generation of the high baud rate optical signal with available
limited bandwidth EO/OE devices using one of the approaches reported so far. It is foreseeable
that these limitations would affect the quality of the generated high baud-rate optical signal and

consequently the maximum transmission reach.

As mentioned before, CD compensation is one of the most power-hungry blocks of the
DSP chain in coherent systems. Different approaches for digital CD mitigation have been proposed
and implemented previously, including the time-domain digital filter [30], [84], overlap frequency
domain equalizer [29], or CD compensation in digital filter banks [85]. The computational
complexity of these methods has also been studied [86], [87]. For the digital CD compensation in
each sub-channel of our optical channelizer, each of these algorithms, their computational
complexity and performance ought to be studied. This investigation would certainly help to decide
the best approach and the algorithm for a given signal baud rate and transmission length and clarify
the possible trade-offs between the computational complexity and the quality of the recovered

signal.

Lastly, after detailed and robust numerical simulations of the system, one can move to
experimental implementation of the system and troubleshoot any possible challenges in the

implementation of the physical system.
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