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Abstract

Coherent communication systems became practical with the advent of integrated
electronic circuits capable of supporting Digital Signal Processing (DSP) at speeds
compatible with line rates. Much of the complexity and expense of the functions required
in a coherent receiver to compensate for optical channel uncertainties and impairments
could be transferred to DSP algorithms. The aim of the research presented in this thesis is
to develop radical breakthrough DSP algorithms and design new architectures for the
digital coherent optical receiver within the RF-Cité system and optical fiber network
supported distributed millimeter wave wireless antenna system.

The model of an optical channel is fundamental for understanding phase and
polarization drift, chromatic dispersion, polarization mode dispersion and other
drawbacks of the fiber optic systems in order for the signal processing algorithm to
compensate these effects. In this thesis firstly an evaluation of the optical channel model
that accurately describes the single mode fiber as a coherent transmission medium is
reviewed through analytical, numerical and experimental analysis.

Secondly, an original approach to the design of a digital coherent optical receiver is
proposed which can adapt to random time-varying state of polarization (SOP) for both
the local oscillator and signal. To address the problem, two different methods of
polarization diverse recovery of the modulation with carrier phase estimation and
elimination of sign ambiguity are performed and verified by numerical simulations. The
results show the accurate recovery of the modulation and error-free constellation

demodulation.
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Furthermore, inspired by former investigations, the theoretical analysis of a novel
microwave photonic integrated circuit (MPIC) implementations of various building
blocks used within the RF-Cité architecture is presented. The application of the proposed
circuit in RoF systems is demonstrated by computer simulations using the Virtual
Photonics Inc. software and OptiSuite packages. The performance of the proposed MPIC
in a RoF system is assessed through advance modulation format techniques that have
been employed in many wireless communication standards owing to their high spectral
efficiency. In the DSP module, delay compensation is applied to synchronize the received
signal, and the system performance is evaluated by measuring the error vector magnitude
of the received signal using single-mode fiber. This scheme removes the temperature
control requirement; an undesirable feature in terms of energy consumption
considerations.

Also, a modified polarization demultiplexing algorithm is employed to classify the
input polarizations that transmit two independent channels that are mixed randomly as the
light is propagating in the optical fiber. This novel technique enables blind algorithms to
accurately track polarization channel alignment, through achieving accurate polarization

de-multiplexing obtained by numerical simulations and experiments.
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1 Chapter: Introduction

1.1 Background

Cities have become the major units in the global economy and are responsible for the
bulk of innovation. Urban planners envisage a "Digital City" in which ubiquitous
broadband wireless and computing access provide all imaginable services to citizens,
enterprises, and public services. The vision is of a city that is information rich,
economically efficient and effective, clean, healthy, and aesthetically pleasing [1-3].
However, total energy consumption in information and communications networks is
rising unsustainably as increased use outstrips energy efficiency gains. This is a concern
both in terms of cost, rising pollution local to the city (especially in developing
economies) and, climate change via its contribution to global greenhouse gas emissions.

The energy consumption from the expanding use of information and communications
technology (ICT) is unsustainable with present drivers. In 2015, ICT consumed around
4% of overall worldwide electricity consumption [4], In a recent study, the share of ICT
global electricity usage by 2030 was estimated at 21% in a likely scenario and 51% in the
worst-case [5]. Reducing consumption of energy by all ICT devices and systems is a key
to capture the full potential of ICT in resource efficiency.

Access network technology is advancing rapidly to provide greater reach, to serve
increasing numbers of users, to accommodate increasing bandwidth demands, and to
provide the convenience of ‘un-tethered’ wireless connection. The Digital City use case
scenario represents the ultimate termination-point of this trend. For RF wireless to
accommodate bandwidth hungry applications, a transition to operation in the mm-

wavelength region of the RF spectrum is required. At these frequencies, and in cluttered



urban environments, the range is reduced. Good coverage then requires the use of pico-
cellular networks with a correspondingly increased density of antennas: a 60 GHz
wireless access point may be deployed every 10 m in a Digital City. Distributed antenna
systems lead to a welcomed reduction in overall energy consumption relative to mono-
antenna systems but require a distribution network [6]. It is well established that optical
fiber links offer orders of magnitude lower energy consumption compared to other
technologies. With fiber optic technology capable of providing the required information
capacity larger than both wireless connections and copper cable, advances in technology
have enabled more data to be conveyed over long distances [7, 8].

Optical fiber-based networks have intrinsic characteristics that support a move toward
networks that reduce energy consumption, waste, and the total cost of ownership (TCO)
for a network through longer product lifecycles. Recent innovations in copper chipsets
for 10GBase-T applications have brought power consumption for copper networks down
to between 1 and 2 watts over shorter distances and about 3.5W at full 100-meter reach
capability. Fiber networks, in comparison, may use less than 1W to transmit the 10-GbE
signal over 400 meters of fiber. Over time the power savings from a fiber-based network
can be meaningful, especially in data center applications where there may be thousands
of connections [9]. One arrives consequently at an architecture in which RF signals are
optically distributed between the central office and the wireless access points.

In the past, information was encoded most conveniently in the intensity of light only,
which may be directly detected. The coherence of the light (i.e. whether or not its phase
and polarization state are well-defined) is not a major concern in direct detection systems.

Fiber ‘exhaustion’ is a perennial concern of network operators as the installation of new



fibers in the ground is extremely costly. The potential of coherent optical
communications to stave-off fiber exhaustion in the face of increasing demand for greater
bandwidth was understood in the 1980s. Modulation formats that make use of phase and
polarization are vastly more spectrally efficient than intensity modulated direct detection
but necessarily require coherent detection (i.e. a measurement of the complex amplitude
of the field rather than its intensity). The lack of control one had over the phase, in bulk
optical systems, and phase and polarization, in fiber-optic systems, presented a huge
challenge to the analogue receivers investigated in the 1980’s. The research was
abandoned following the invention of the Erbium doped fiber amplifier that enabled
wavelength division multiplexing (WDM) to stave-off fiber exhaustion for two decades.
Coherent communication systems finally became practical around 2010 with the advent
of integrated electronic circuits capable of supporting Digital Signal Processing (DSP) at
speeds compatible with line rates. Much of the complexity and expense of the functions
required in a coherent receiver to compensate for optical channel uncertainties and
impairments, including local oscillator frequency offset and drift; and to decode advanced
modulation formats could be transferred to DSP algorithms.

The advent of digital coherent transmission constitutes a technological breakthrough in
communications. A real-time coherent receiver using DSP, can perform data recovery,
carrier phase estimation, polarization de-multiplexing and dispersion compensation for an
advanced modulated format system in the electrical domain. Transmission capacity have
been improved from the de facto 10 Gbit/s limit of previous systems to recent
demonstrations of 1 Tbit/s per-channel transmission. In addition, equalization of

waveform distortions can be performed adaptively through DSP. This has led to the



elimination of some optical components such as the wavelength dispersion compensation
module and variable dispersion compensator used in conventional systems.

1.2 Motivation and objectives

My overarching goal is, via my research to develop radical breakthrough DSP algorithms
which will in part enable the vision of a sustainable digital city to promote equality of
access to information amongst its citizens and provide them with economic and social
benefits via affordable broadband access while containing growth in energy consumption.
In my PhD program, I work on DSP algorithm development for an optical fiber network
supported distributed millimeter wave wireless antenna system. In a radical departure
from the orthodox analogue RF-over-fiber (RoF) paradigm, the “RF-Cité” architecture
exploits modern digital coherent optical transmitters and receivers together with
spectrally efficient methods of digital RF transport over coherent optical fiber
transmission as a solution to high density, high capacity, and energy efficient wireless
access. The measurement of the complex amplitude of the optical field yields a linear
channel that is a composition of the wireless and optical channels which facilitates
impairment correction by DSP. A local oscillator (and in principle power) may be
distributed optically using the same distribution network as the signal. Information may
be carried in the amplitude, phase and polarization of the optical field. Additionally, the
selectivity of a coherent receiver is very well suited to dense multiple access networks
with the potential to transform a ‘converged’ wavelength division multiplexed passive
optical network (WDM-PON) and RoF architecture to greatly increased levels of

multiplexing.



1.3 Thesis scope and outline

To design, analyze and evaluate new architectures for the digital coherent receiver within
the RF-Cité, this thesis is comprised of theoretical studies, modeling, and
experimentation which aim to provide deeper insights on the performances of coherent
receivers and a multi-function photonic integrated circuit for coherent Radio-over-Fiber.
The scope of this thesis comprises four important points:

e FExperimental analysis of the optical channel model that accurately describes the
single mode fiber transfer matrix: The numerical modeling of the single mode
fiber as an optical coherent transmission medium and experimental measurement
is used to determine the polarization drift as a function of time for a fixed length

of fiber.

o Theoretical analysis of symmetric signal and local oscillator polarization diverse
coherent optical receiver: A new symmetric digital coherent receiver has been
designed and a novel DSP algorithm proposed to mitigate the impairments of the
optical channels.

o Study of a multi-function photonic integrated circuit for coherent Radio-over-
Fiber: The application of a novel microwave photonic integrated circuit to
implement some building blocks within the RF-Cité architecture has been
investigated for the first time.

o FExperimental verification of mitigating channel impairments on a single mode
fiber: This mainly includes testing the proposed DSP algorithm to accurately
track polarization channel alignment, through accurate polarization de-

multiplexing obtained by numerical simulations and experiments.



1.4 Organization of the Thesis

This thesis consists of a collection of scientific articles, each of them presented as a
chapter. The remainder of this thesis is organized as follows. Chapter 2 reports a dynamic
model of a single mode fiber as a coherent transmission medium which concerns the
evolution of the polarization state and its wavelength dependence — which has the
potential to be generalized to multimode/space division multiplexed scenarios. The
results provided in this chapter are going to be submitted for publications. I developed the
theoretical model. I designed the experiment and Peng Liu helped me in building the
experimental setup. I generated and interpreted the simulation and experimental results
and wrote the manuscript. Dr. Hall contributed to the interpretation of the results, and
revised the manuscript.

Chapter 3 introduces an improved coherent optical receiver architecture that
compensates for a random drift in the state of polarization (SOP) of both the signal and
the local oscillator (LO). The design proposed eliminates the need for a local oscillator
laser and the associated power demand of the thermo-electric coolers at the location of
the optical coherent receiver. This architecture also relaxes the characterization of the
local oscillator laser by facilitating the use of an off-the-shelf laser or, the distribution of
the local oscillator from the fiber network or central offices. The results provided in this
chapter were published as an article in Optics Express in 2016. Dr. Hall and I developed
the theoretical model. 1 generated and interpreted the simulations and wrote the
manuscript. Dr. Hall revised the manuscript.

Aided with DSP, combining microwave and fiber optic-based technologies, chapter 4

offers the possibility of increasing transmission capacity, reducing energy consumption,



and the cost of multi-Gb/s wireless access networks by introducing a digital coherent
radio-over-fiber (RoF) system comprising a microwave photonic integrated circuit
(MPIC) as the main building block. The results provided in this chapter are published as
an article in Journal of Lightwave Technology in 2016. I designed the model, generated
and interpreted the simulation results and wrote the manuscript. Dr. Maldonado Basilio
and Dr. Hall contributed to revision of the manuscript.

Chapter 5 reports a tracking channel alignment algorithm to classify the input
polarizations that transmit two independent channels that are mixed randomly as the light
is propagating in the optical fiber. The proposed algorithm is beneficial for aerial fiber,
multimode systems and where the changes in polarization are fast due to environmental
perturbations. The results provided in this chapter are published as an article in Optics
Communications in 2017. I developed the theoretical model and implemented the
numerical methods used for the theoretical analysis. I designed the experiment and Parya
Samadian helped me in building the experimental setup. I interpreted the simulation and
experimental results, and wrote the manuscript. Dr. Hall contributed to the development
of the theoretical model, the interpretation of the results and, revised the

manuscript.Chapter 6 concludes this thesis and presents suggestions for future work.



2 Chapter: Channel modeling in a single mode fiber

2.1 Introduction

In order for the signal processing algorithms to compensate the drawbacks of the fiber
optic systems, understanding the realistic model of the optical channel is necessary.
Single mode fibers are favorite choice in today optical communication systems as they
support a higher bandwidth, reach and transmission speed than multimode fibers and
provide lower signal interruption [10, 11]. Therefore, appreciation of a single mode fiber
as a substantial optical waveguide is essential.

An ideal dielectric waveguide possesses translation symmetry along its axis [12]. As a
consequence, it supports an infinite number of waveguide modes of which a finite
number are guided (i.e. bound to the structure). The modes satisfy an orthogonality
relation. Additionally, if the waveguide is circularly symmetric (i.e. an optical fiber), the
modes occur in orthogonally polarized degenerate pairs [13, 14].

Consequently, an ideal ‘single’ mode fiber (SMF) supports two orthogonally polarized
degenerate guided modes. In the case of weakly guiding waveguides, these modes may
be considered to be linearly polarized to a good approximation. The effect of small
perturbations of the structure of the ideal fiber on light propagation may be described in
terms of the ideal modes by a coupling between their overall amplitudes [15]. Coupling
to higher order modes provides a loss mechanism in which energy leaks away by
diffusing to higher order modes. However, provided that the perturbation is very slowly
varying, significant coupling only occurs between nominally degenerate modes and there
is no radiation loss [16]. In a single mode fiber, polarization mode dispersion (PMD) is a

random phenomenon that takes place due to birefringence in the fiber that originates from



asymmetry caused by an elliptical core, stress, bend, or twist. Polarization mode
dispersion stems from the random birefringence which yields different group velocities of
the two orthogonal polarizations modes [17]. This polarization effect causes mode
coupling and random changes in state-of-polarization (SOP) in a long haul transmission
[17, 18]. Since polarization mode dispersion, together with chromatic dispersion (CD), is
a major source of pulse distortion and pulse spreading in high speed optical transmission
systems, which is also a cumulative effect as a function of the length of the fiber [19-21],
it has been studied in detail theoretically and experimentally. Various techniques have
been proposed to overcome the PMD barrier, such as the new generation of coherent
optical receivers based on digital signal processing (DSP) [22-25] and the deployment of
orthogonal frequency-division multiplexing (OFDM) in optical communication systems
[26-32]. Nevertheless, this phenomenon still needs further investigations in order to allow
an improvement of the transmission capacity, speed, and performance level of a fiber
optic communication system [17]. The effective compensation of the dynamic channel
impairments such as PMD and CD, can be achieved with finite impulse response (FIR)
filters [33]. Hence, a MIMO equalizer which compensates the dynamic impairments of
the channel using four filters that have the inverse Jones matrix of the dynamic channel
can be used [34].

Due to the dynamic nature of PMD, an adaptive equalization of this impairment using
MIMO coherent receivers is required. This has been achieved by utilization of constant
modulus algorithm (CMA), which works blindly without any training data to be required
[35]. The use of CMA [36] is popular, because of its simplicity, applicability to different

modulation formats and immunity to phase noise [37,38]. However, the choice of initial



tap values is a major determinant of CMA convergence [39-41]. The CMA with high-
order FIR filters can resolve the polarization-mode-dispersion (PMD) effectively, but has
the singularity problem which is caused by polarization-dependent loss (PDL) [42].
However, when the amount of PDL is small enough to be neglected, CMA always
achieves desired results [43]. On the other hand, independent component analysis (ICA)
method can be used to compensate PMD and PDL with a 2X2 matrix of filters, and it can
be combined with nonlinearity compensation when fiber nonlinearity becomes prominent
[44].

In a single mode fiber, assuming that there is no PDL, the channel matrix is a unitary
transformation that is continuous with propagation distance and optical frequency [36].
The longitudinal dependence of the birefringence motivates a stochastic evolution of the
PMD vector along the fiber length [19, 45]. The stochastic behavior of SOP with
wavelength in the PMD affected fiber has been studied in [46] concluding that the SOP
variations in the buried fibers stems from random mode coupling and the birefringence
distribution. However, the mathematical derivation of birefringence has not been
provided. Although, the autocorrelation function (ACF), which presents information on
autocorrelation bandwidth of the fiber-optic channel has been extensively studied but the
stochastic derivations only describes ACF of the PMD vector [47-53]. While the prior
works are all concerned about polarization mode dispersion and differential group delay
in the optical fiber, the numerical analyses and experimental observations in this chapter, have
a different objective than the PMD focused studies. This chapter concerns the evolution of the
polarization state and its wavelength dependence — The decorrelation of the relative

polarization state of two carriers offset in frequency as required for remote heterodyning.
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The rest of the chapter is organized as follows. The theory behind the evolution of
polarization of light in a single mode fiber is described in Section 2.2. The Stokes vector
representation of polarization of light and the diffusion of state of polarizations over the
whole Poincaré sphere is discussed in section 2.3. In section 2.4, through recasting the
polarization dispersion equations, it is realized that the Poole’s equation [45] is the Lax
pair equation in terms of Lie Groups and algebras. In section 2.5, the stochastic
differential equation is derived which solves the problem of evolution of the state of
polarization with distance. The fluctuations in time of the state-of-polarization is explored
in section 2.6 where the experimental observations contribute further insight through
studying the time correlation structure of the state of polarization by calculating the
cross-correlation and cumulative probability functions of it’s components. Furthermore, it
has been shown that the diffusion of state of polarizations over the whole Poincaré sphere
predicted for evolution in space is not seen in the fluctuations in time. Finally, the chapter
closes with the drawing of important conclusions in Section 2.7.

2.2 Evolution of polarization of light in a single mode fiber

Since single mode fiber supports two orthogonal polarization modes, the electrical field
of the signal can be represented using a Jones vector [17,54]. The polarization of light

guided by a single mode optical fiber evolves along the axis of fiber according to:

a :
a_‘zl = iHa, Equation 2.1

where a=[3ﬂ is a vector of the overall complex amplitudes of the two ideal guided

modes, which in the weakly guiding case may be considered to represent horizontal and

vertical linear polarization states [55]. The coupling arises from environmental

11



fluctuations, and coupling coefficients are functions of position and time which can be

described statistically. Eq. 2.1 has solution:

au
a(z) =U(2)a(0), —— =iHU.
0z
Since the waveguide is lossless, the total power must be conserved and U must be
unitary. A sufficient condition for U(z) to be unitary is that H should be self-adjoint (i.e.
H' = H). Substituting H with H' yields %(UTU) =0, and hence U'U is a constant equal to

identity. Therefore, the coupling matrix H can be specified by four real functions:

_ ho + h1 h2 - lh3

H_h2+lh3 hO_h’l.

Equation 2.2

Defining U = exp(—igp) U, where ¢ refers to an overall phase perturbation accumulated

over the fiber and then taking the derivative of U with respect to z results in:

(;—IZ] = iHU, Equation 2.3
where H = H — ‘;—fl. Setting ¢(z) = [ hodz = é Jy Tr(H)dz, yields Tr(H) = 0. Therefore, if the
primary goal is to describe the evolution of polarization, the coupling matrix may be
taken as traceless.

In a coherent detection scheme, the coherent receiver must be phase diverse to

compensate for fluctuations in the overall phase [56]. It follows from %Ln(det(u)) =
Tr(U‘lz—Z)=Tr(‘;—lZ'U‘1), that one is at liberty to set det(U) =1 when the state of

polarization only of interest, i.e. Umay be chosen as a member of the special unitary
group in two dimensions SU(2). Every member of SU(2) has the Caley-Klein

representation [57]:

| ¢ b 2 2| — .
U= [—b* c *] lc*[ +1b%] =1, Equation 2.4
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that can be parameterized in terms of three Euler angles ¢, u, and y:

{c = cos(§) exp[i(y + p)] Equation 2.5

b = sin(§) exp[i(y — W]’

The overall phase has no effect on the observed polarization state. To show this, we
consider a unit intensity source at z = 0 that is first linearly polarized in the horizontal

cos(§) exp[i(y —g)]

/11, and then the vertical
sin(§) exp[—i(y—g)]

direction yielding: a(z) =[.] =exp [i (# n g)] [

direction: a(z) =[] = exp[ (M —E)] [COS( “3)eli(r- ,2] ] It can be seen in either case that

sin(e2)exp -1y

(p £ g) is an overall phase and has no effect on the recorded polarization state. In the case
of a single polarization source, the angle x cannot be distinguished from the overall phase
in which it may be subsumed.

If the source polarization is modulated, a coherent receiver must be phase diverse on
each polarization channel to compensate for fluctuations in the two different overall
phases. Conceivably, there may be advantages in tracking separately the overall phase ¢
and the differential phase 2u between polarization channels. In terms of polarization only,
it is therefore found that only two phases are of significance which is consistent with the

definition of the state of polarization as independent of overall magnitude and phase of the

Jones vector: a(Z):[Z;] — [|a1|exp(l:91)] — [Cos(a) exp(zﬁ)] where,

|az| exp(i63) sin(a) exp[

L(6:-6))
lay] - Equation 2.6
a =tan"' =2

layl
2.3 Stokes vector representation
The coherency matrix embodies all the information on the second order statistics of the

components of the optical signal and it is given by:
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(aa1) (aia3)

¥ =(aah =] a) (aan)

Equation 2.7

The bracket (-) denotes an ensemble average. In the perfectly coherent case, each member

—

of the ensemble is identical and the brackets may be removed. So, ¥ =§soao +§§’-a,

where s =[s1 s: s3]T and ¢ = [01 02 03]T are the Stokes vector and Pauli spin vector

respectively. The Pauli spin matrices a,, 0,, 0,, and o5 are defined as [58]:

1o _[1 0
0'0—[ 1] %1 [0 :%] Equation 2.8

”22[1 é] ”3:[? 0 |
Note, the commutation relations follows: [o4,0,] = 2i03, [0,, 03] = 2i04, and [63, 6,] = 2i0,.
A Hermitian inner product (--) and induced norm [-]Jon €™ are defined by (X,Y) =
Tr(XY") =¥, x;y5; and [X] = (X, X)%, respectively. Noting that (oy,0;) = 25;;, thens; =
¥,0)), so= W11 +W), s1=Wi1—Wp) s,=W,+¥,) and s; =i(¥, —¥,,), Where
(So, 51,52, 53) are the four Stokes parameters. In the completely polarized case: s, = |a,|? +

la,?,  s;=la;l? —lay|% s, = 2|a||la,|cos(29) and s3 = 2|ay]|ay|sin(29). Since,

S| = J(a.|? — |a,1?)? + 4|a,|2|a,|? = so, complete information on the state of polarization is

therefore provided by the unit Stokes vector, § =Si§. For ease of exposition, perfect
0

coherence and unit total intensity can be assumed. The Jones and Stokes vectors are then

of unit length and the tildes may be omitted. The Stokes vector evolves with propagation
as Y(z) = a(z)a'(z). Taking the derivative of ¥(z) with respect to z results in ‘;—Z’ = i[H,¥],

where H = h - @. It follows that:

[H, W] = 1(71) x§)-7, Equation 2.9
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where g—j = —h x5, %0 =0 and Z—j-fi = 0. Therefore, the tangent vector to the trajectory

$(2) is perpendicular to h(z) and the length of $is a constant of the motion. Hence, the
Stokes vector stays on the Poincaré sphere and rotates anti-clockwise as viewed from the

origin about the birefringence vector h as z advances.

2.4 Chromatic dispersion of polarization

Chromatic dispersion of the polarization is manifest as a change in the state of
polarization with frequency. Assuming that there is no polarization dependent loss (i.e.
the magnitude of the Jones vector is invariant to the state of polarization), the

transmission matrix remains unitary:

U(w,2)UN(w,2) = I Equation 2.10

Differentiating Eq. 2.10 with respect to w yields (% U) U’ = iG, where G is a Hermitian

matrix. If, det(U(w,z)) =1, then %ln(det(U)) =Tr (Z—Z U‘l), which implies Tr(G) =0 and

therefore:
ou . .
o iGU. Equation 2.11

The same argument repeated with » substituted by z yields:

Z—lzl =iHU, Equation 2.12

where H is a traceless Hermitian matrix. Taking the second derivative of Eq. 2.11 with

respect to z, and of Eq. 2.12 with respect to w while taking into consideration that the

mixed second partial derivatives must agree for continuous U follows:

OH 3G | . _ ;
oot i[H G] =0. Equation 2.13
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In the context of PMD studies Eq. (2.13) is known as Poole’s equation [45,59]. It most
commonly arises in studies of integrable non-linear equations for which H and G are
known as a ‘Lax pair’ and are considered to be elements of a Lie Algebra (a linear vector
space that is also an algebra with the Lie bracket [.,.] as its product) [60]. The focus then
is on the nonlinear partial differential equations that are generated by a particular choice
of Lie Algebra. The solution of the nonlinear equation then has a representation in terms

U

of the Lie Group associated with the Lie Algebra: H = %E uf, 6

10U
T idw

ut.
In the present case of single mode fiber, the Group is SU(2) and the algebra is su(2).

The Pauli spin matrices form a basis for su(2) which enables the equation to be recast in

terms of real three dimensional vectorsh =[h, h, h;]Tandg=1[91 9. 93]":

oh dg _ ,
P 2hx g Equation 2.14

Also, note that a derivation of a coupled mode equations for a perturbed waveguide leads
to the model:

H=wH = h=uwh Equation 2.15
where H, (h) are expected to only have weak dependence on w. The Poole’s equation
then is a means of deducing certain properties of ¢ from assumed properties of H. H then

enters as the coefficient of a variable coefficient linear equation for G (g):

G [H.G] OH
0z l ; Jw
ag B
—+2h =—
57 + X g

Compared with Eq. (6.15) in [17] g is identified as the ‘PMD vector’ 7 and h as the
‘birefringence vector’ B.
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We assume that h is adequately characterized as a three dimensional vector with
components that are independent identically distributed Gaussian processes which is

experimentally verified in section 2.6.

2.5 Formulating the problem as a stochastic differential equation
The basic tool for describing random phenomena is the probability theory as we can
determine the distributions of all finite dimensional random vectors produced by the
random process [61]. In the present case, since h not only acts as a Langevin source but
also provides some coefficients of differential equation, the equation must be interpreted
as a Stochastic Differential Equation (SDE). Formulating the problem as a SDE helps to
obtain predictions for stochastic structure of G (g) such as autocorrelation function and
probability density distribution.
Substituting Eq. 2.15 in Eq. 2.14 yields: Z—‘;’ =h+ 2wg x h. Defining h = U% , then Eq.
2.14 can be rewritten in the form of:

dg =v( + 2wg xX)dw Equation 2.16

Comparing with the canonical form:

dXt = ",'(Xt’ t)dt + U(Xt, t) o th

X, =g
t=z
”(tht)EO

o(X.,t) =v(+2wg X)dw
dWw, = dw
Hence:

dg = a(g) o dw
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1 —2wg; 2wg,
o(g) =v(l +2wg X) =v| 2wg; 1 —2wg,
—2wg, 2wg, 1

In the Stratonovich interpretation [62] the corresponding Fokker-Planck equation [63] is:

af 1 d F] .
= = 5 Xk=13 Zi:l,sa—gi{aik Zj=1,3a_gi [Ujkf]} Equation 2.17
Note:
T lou) = o [(0er,e)0] = (e e) o+ (aer,e) o = 2vae X e, e)p + 0 o
39, Oix P _6gl- géy,e;)p| = agiek:ei P gey, e; agi_ vwle; X ey, e;)p aikagi
a [ ] = do
39, Oix® —Uikagi

Hence, Eq. 2.17 may be rewritten as:

o _1 oo 2T
dz 2 &L A A ik 0g;0g;
it can be recast as:
01NN, O
z 211:13],:13 09:09;
Du = Oix0ji
j=1,3
Equivalently:
I s
dz 2
02
Hy() = agiafgi

used.

ij» and the fact that the Hessian [64] # is symmetric has been

Note: D = 66", and: o = v(I + 2wg X) , 67 = v(I — 2wg X).
Hence:
D =v3(I — 4w?g X g X)
In the special case w = 0 the equation reverts to the standard Wiener process in three

dimensions and the Fokker-Planck equation simplifies to:
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of

1 L1, (9f 0*f 9
5 = EUZTI‘(:}[(f)) = E‘UZ( )

ag? " 9g? g3
And the solution is:

1(9-9)

1
f(g) = [—m W_] exp |52 %

This is confirmed by:

1 9%f _ dLnf dLnf oLnf

= + — Equation 2.18
fogidg; d9g; 0g; 09i09; 9

Hence:

1 _ 1 _ 1 [
]_cg{(f) _17422(’g)g+%

31
ﬂfO")} sz 29.9) -5

v lTr{f

1of _ 3111
foz 2z 217222(9"9)'

Note the rotational invariance that follows from:

(Rg,Rg) = (R"Rg.,9) = (9, 9).

This rotational invariance is to be expected even in the general case given that there is
nothing physical to distinguish one component of h from any other and hence the same

applies to g.
In the general case:

of
a—=—Tr(D.7{(f)) 42 w? 2 95— Og

j=13
D =v:I — 4v’w?g X g X

Note:

gxgx0=099-@g9I
D= [_UZ + 40)2(9’ g)]I - 47]20)2('!9)9

Defining:
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f = exp[P(z;§)]

$=(099)
and substituting in Eq. 2.18:
1 9?2 dinf ol 0?1 & 0 0?
1o oo nf=(3’ff+7’§)—€—f+ 575
fagiagj ag; agj agiagj agiagj agiagj

-
1
]—c}[(f) = 4(Pee + PZ)(, 9)g + 2P1

1
Dj—fﬂ(f) = 4v*(Pee + P} — 202 P;) (-, 9)g + 2v* P (1 + 4w?(g, 9))I
11
Ej—rTr(D}[(f)) = 203 (Pee + PE — 202P¢ )& + 3v2 P (1 + 4w?¢)
10f
For~ %

Therefore:

P, (&) = 2v*(Pee + PE — 202 P )& + 3v2 P (1 + 4w?€) — Bwv2EP; = 3v2P; + 2v2 (P + PE)E

Let:
P =co+ci &
Hence:
:Pf = C]_
P¢ =c}
‘(Pff = 0
Therefore:
dcy, dcy
E + Ef = 3V2C1 + 2V2(C12)f
=
dc
d—zo = 3v?¢q
dcy
E = 2V2C12
The solution for ¢, and ¢, are:
1
() = —2v%2z — 2a

3
co(z) = Log(b) — ELog(szz + 2a)

Where a and b are constant of integration. So f(g) is:

_ b )
1@ = (2u2z + Za)% exp( 2(?%z + a))

(9-9) =97 +95+ 93



3
Setting b = 72 and defining o, as the standard deviation for z = 0, the standard deviation

o of the normal distribution is equal to: ¢ =/(v2z + a) and the formula for f(g) is a

normal distribution for three dimensions:

1

2, .2, 2
g1t92+93
exp (-5

(2m)203

flg) = Equation 2.19

According to Eq. 2.19, as z - o the standard deviation of the probability distribution

tends to the square root of the length:

lim, 0 = vWz Equation 2.20

2.6 Fluctuations of SOP: Experimental and numerical results

To further assess the channel modeling, a series of experiments were performed using
Agilent technologies polarimeter. The instruments used were Agilent N7788B optical
component analyzer and Agilent N7714A multiple tunable laser source. The wavelength
of the laser and the power of the laser were set to 1550 nm and 10 mW, respectively. The
experimental setup is depicted in Fig. 2.1. The experiment was triggered having the light
linearly polarized in the horizontal direction at z=0 and sampling rate of 0.05 kHz with
the 15 seconds logging intervals and the Stokes parameters were recorded for N number
of samples. The devices under test (DUT) were a 20 km standard Corning SMF28 fiber

spool and 5 km outdoor SMF28 fiber.
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Fig. 2.1. Schematic diagram of the setup for swept-wavelength SOP measurements using the N7788B. The
gray and black arrows refer to electrical and optical connections respectively.

A 24 hour experiment of recording SOP for a 5 km outdoor fiber is illustrated in Fig.
2.2(a). Recorded states of polarization are located around the South Pole of the sphere.
Note, the start and end SOPs are not located at the same points, which suggest the drift of
polarization is not periodic for a 24 hours span. Only SOPs for every 4 hours are
visualized to illustrate its trajectory over the 24 hours recording time. Conducting the test
with the 20 km long indoor fiber with duration of 38 hours suggests the drift is not having

the same statistics as in previous one (outdoor) as shown in Fig. 2.2(b).

22



24 hrs, 5 km, outdoor 38 hrs, 20 km, indoor

(a) Ohrs (b) 8 Ohrs

0O 4hrs 42 P 4hrs

0 8hrs o 8hrs
] 12hrs 05 1;:5
rs
g ;g :rs i Y 0 hrs
o @ A 24 hrs

o 24h 05 05

? © = O 28hrs
-1 4 QT 2hes
1 =P 36 hrs

S, J / i

43 hrs, 20 km indoor + 5 km outdoor

* Ohrs

e 4hrs

y T 3 8hrs
0.5 Gt N 0 1218
AT T TP 16 hrs
§ I & 20hrs
* 24hrs
+ 28hrs
¢ 32hrs
36 hrs
v 40hrs

-
11 S,

05

..
e
/

Fig. 2.2. (a) 24hr, Skm, outdoor recorded states of polarization (SOP) are located around the South Pole of
the sphere. SOPs for every 4 hrs are visualized, (b) The SOP for a 38hr, 20 km long indoor fiber. In a
relatively short observation time of 4 hr, the polarization drift is more localized relative to the outdoor

measurement, which indicates the indoor fiber provides relatively more stable SOP in this particular
experiment, (c) The results of this measurement are a combination of the indoor (20 km) and outdoor (5
km) SOPs.

The starting point for the SOP, and after 24 hours appears to be ‘closer’ relative to the
previous test which suggest these SOPs may follow a quasi periodic trajectory with a 24
hours periodicity. In a relatively short observation time (e.g. 4 hour), the polarization drift
is more localized relative to the outdoor measurement, which indicates the indoor fiber
provides relatively more stable SOP in this particular experiment. Figure 2.3(c) shows the
results of the third measurement which obtained by concatenation of the indoor (20 km)
and outdoor (5 km) fibers. It seems the ‘local’ statistics are dominated by the outdoor
fiber span, but the statistics for a long observation time are by the indoor fiber span. The

evolution of states of polarization with time is also assessed by numerical simulations as
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depicted in Fig. (2.3). Independent randomly-drifted states of polarization are modeled as
a Brownian motion on the SU(2) manifold which is isomorphic to the three-dimensional
surface of the sphere in four dimensions $3. The motion on $3 is locally approximated by
a random walk on its tangent plane R3. The drifting SOP is visualized as a motion on the

Poincaré sphere.

24 hrs, 5§ km, outdoor 38 hrs, 20 km, indoor
(a) 1 (b)
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Fig. 2.3. Continuous trajectories of SOP for (a) 24 hrs using 5 km of outdoor fiber, (b) 38 hrs using 20 km
indoor fiber, and (c) 43 hrs, 20 km indoor and 5 km outdoor fiber.

Essentially, the Brownian motion has one adjustable parameter which is the variance of
the ‘step size’ the trajectory receives each sample time. The variance has been reduced so
that for the same number of samples the motion remains localized to a region — more
samples then show increased diffusion over the sphere. The motion is that of a single

‘particle’ — the SOP that is being buffeted about along random white Gaussian tangent
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vectors and then projected back onto the surface of the sphere. The SOP is calculated as a
Jones vector with three independent angular co-ordinates. The actual SOP is represented
as the outer product of this Jones vector and this ‘coherency matrix’ is stored as the trace.
The coherency matrix may be represented as its co-ordinates — Stokes parameters — when
represented by a basis consisting of the Pauli spin matrices.

Similar to our observations, a relatively slow polarization drift is observed, with small
changes of the polarization from sample to sample. All the data is localized to a small
region of the Poincaré sphere which suggests much longer observation periods and more
likely much longer fiber lengths are required to see the SOP diffuse over the whole
surface of the sphere. The SOP changes, although small, slowly cover the whole Poincaré
sphere. The fiber spool experimental data resembles samples of some random
distribution. The experimental data confirms that the SOP in the two cases is more stable
than anticipated and the buried fiber significantly more stable. The frequency (tunable
laser) dependent evolution of the SOP and its statistics will yield further information. The
obtained results suggest that state of polarization of the outdoor link (qualitatively) most
closely follows a Brownian motion in time on the Poincaré sphere, albeit it does not

manage to cover the whole sphere in 24 hours in current conditions.

2.6.1 Probability distribution of birefringence vector

The state of polarization of two light waves close in frequency slowly de-correlates with
long distance transmissions [52]. However, it has been proved that for two eigenmodes
the first order polarization dispersion is zero and they are called principal states of
polarizations [18]. These two orthogonal polarization states are frequency independent to

first order. Considering each PSP to have a delay in the time domain, the difference

25



between their group delays is called differential group delay. The data recorded can serve
to help development of data analysis methods, as the theory indicates no information
about the time behavior of long term cross-correlations. This is because of the fact that
theory uses ensemble averages whereas measurement necessarily uses time averages. An
assumption of ergodicity only implies that space averages would equal ensemble
averages. But the length of the fiber cannot be varied in a practical measurement.
Therefore, we shall consider modeling random processes by dynamical systems as
considered in ergodic theory since the formulation and proof of ergodic theorems are
more natural in the dynamical system context.

The basic focus of the ergodic theory is the development of conditions under which
sample or time averages consisting of arithmetic means of a sequence of measurements
on a random process converged to a probabilistic or ensemble average of the

measurement. This analysis then can be extended to the channel matrix. Considering:

R(§1,8) = (UE)UT(E)), Equation 2.21

as expected, the ensemble average converges to a weighted identity with the weight
decaying as the difference between ¢, and ¢,. Here ¢ is any variable (time, frequency,
space). The output Stokes space parameters, were measured in different time segments.
The averaged measurement results are then compared with the result of non-linear
methods of spectral analysis.

In order to see the temporal behavior of the data, the time correlation structure of the
data obtained from the test with the 20 km long indoor fiber with duration of 38 hours has
been explored. Fig. 2.4. shows the zero cross-correlation between the first component and

the other two components that has been calculated by computing short time cross-
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correlations as a function of the displacement (lag) of one relative to the other. The short
time cross-correlations between the second (third) component and the other two
components demonstrated results rather identical to those in Fig. 2.4 which implicates
that the components are uncorrelated, and for a Gaussian process is equivalent to
independence. The cumulative probability functions of the second birefringence
components (h,) for both 1545 nm and 1555 nm wavelengths has been computed and
shown in Fig. 2.5 which implicates that the result is consistent with Gaussian statistics.
The cumulative probability function of the first (hy) and third (h3) birefringence
component follows the same pattern. As indicated in Fig. 2.3, no non-stationary behavior
(e.g. periodicity corresponding to day/night) has been found. The result predicts each
component to be independent identically distributed zero mean Gaussian processes. The
results of the single mode case are easily generalized to the multimode case. In the
multimode case, the relevant group becomes SU(2n). The algebra is su(2n) for which the

Gell-Mann matrices [65] form a basis.
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Fig. 2.4. Crosscorrelation between components of the birefringence vector (k) for 1545 nm and 1555 nm
wavelengths. hy, h,, and h; corresponds to first, second and third components of the 3 dimensional
birefringence vector (h).
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Fig. 2.5. The cumulative probability distribution of the second component (h,) of the three-dimensional
birefringence vector h for two laser wavelengths of 1545 nm and 1555 nm. Solid red line denotes the
standard normal distribution and the blue dots denote to the recorded data distribution.

2.7 Conclusion
This chapter studied the evolution of the state of polarizations in a single mode fiber as a

coherent transmission medium. A single mode fiber channel of fixed length is
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characterized by the drift in time of the frequency dependent state-of-polarization. It has
been realized that the Poole’s equation is the Lax pair in terms of Lie Groups and
algebras which is an improvement in appreciation of ad hoc algebra. Also, the stochastic
differential equation is derived which dynamically solves the evolution of the state of
polarization with distance rather than time.

The experimental results verified the assumption of each birefringence component
being independent identically distributed zero mean Gaussian processes. This result is
important since it provides realistic requirements for the construction of mathematical
models of physical random phenomena. The results obtained for the single mode fiber

can be simply generalized to the multimode case.
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3 Chapter: Symmetric signal and local oscillator polarization diverse

coherent optical receiver

3.1 Introduction
Digital coherent optical receivers are an inseparable component of modern optical
communication systems. The capability of demodulating optical signals employing
advanced modulation formats, which provide enhanced spectral efficiency, is amongst
their noteworthy properties [66]. Detecting both the real and imaginary parts of the
electrical field of propagating light permits the compensation of linear impairments such
as chromatic dispersion in fiber-optic transmission systems, which is effectively possible
through coherent optical receivers enhanced by digital signal processing (DSP) [67-69].
DSP can also enable polarization mode dispersion mitigation despite its stochastic nature
[70]. Laboratory demonstrations and field trials have confirmed the theoretical
predictions and have made possible the practical realization of high capacity coherent
optical transmission systems. Numerous studies have investigated new algorithms and
structures to improve the capability of coherent receivers. This has led to the elimination
of some optical components such as the wavelength dispersion compensation module and
variable dispersion compensator used in conventional systems [71-82]. The transmission
capacity has been improved from the de facto 10 Gbit/s limit of previous systems to
recent demonstrations of 1 Tbit/s per-channel. In addition, equalization of waveform
distortions can be performed adaptively through DSP.

The front-end of a conventional polarization diverse coherent optical receiver
transforms the complex amplitude of the optical field into the electrical domain by

homodyne detection yielding four outputs, namely the in-phase and quadrature (IQ)
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components of the complex amplitudes for horizontal and vertical signal polarizations
[83-86]. In these typical polarization diverse coherent optical receivers, one input port is
allocated to an intense laser operating as a local oscillator (LO) with fixed polarization (a
known and time-invariant state of polarization (SOP)) and the other port to an amplitude
and phase modulated signal, which in the general case has a time-varying SOP after its
propagation through several kilometers of optical fiber [87,88]. In this chapter, an
alternative yet original approach is proposed that provides an opportunity to design a
coherent optical receiver that accommodates a random time-varying SOP for both the LO
and signal [89,90]. The proposed architecture comprises two conventional coherent
optical receiver front-ends in tandem, where the SOP of the LO is first divided into its
two orthogonal components and then distributed to each coherent optical receiver front-
end module. The advantages of this architecture are twofold. On the one hand, it may
facilitate the use of an off-the-shelf laser source performing as a LO with arbitrary SOP.
On the other hand, it may motivate the distribution of the LO from the fiber network or
central offices, releasing the need for a LO laser and the associated power demand of the
thermo-electric coolers at the location of the optical coherent receiver. To correctly
combine the signals, two distinct techniques of dual port polarization diversity based on
the MRC method have been used. The concept is validated by numerical simulations,
where a differential quadrature phase-shift keyed (DQPSK) signal and a LO field both
subject to an independent random time-varying SOP are first generated. The signal and
LO fields are mixed by the two receiver front-ends to provide eight baseband variables
that are digitally processed by the MRC algorithm. The eight variables are the in-phase

and quadrature components of the four products of the two components of the signal
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Jones vector and the complex conjugate of the two components of the LO Jones vector.
Accurate recovery of the modulated input signal is obtained and illustrated by
constellation diagrams. The rest of the chapter is organized as follows. The proposed
architecture of a true polarization diverse coherent optical receiver for both signal and LO
is described in section 3.2. The dual port polarization diversity approach based on MRC
is presented in section 3.3, along with two variants of the MRC method. Numerical
results that validate the proposed approach are presented in section 3.4. The chapter
closes with the drawing of important conclusions.

3.2 Proposed coherent optical receiver architecture

In conventional polarization diverse coherent receivers, the LO must be linearly
polarized; either horizontal polarization is used (transverse electrical (TE)) followed by a
beam splitter (BS), or alternatively linear polarization inclined at 45 degrees is used
followed by a polarization beam splitter (PBS), where inevitably a polarization rotator is
needed to convert the transverse magnetic (TM) output of the PBS to TE. Unlike the LO,
the input signal possesses an arbitrary SOP and its orthogonal components are split by a
PBS. This expedient is necessary irrespective of whether or not the signal is single- or
dual- polarization multiplexed at the transmitter. In the latter case, the drifting SOP
results in the two modulated components of the transmitted signal being present within
the two components of the polarization of the received signal in the form of two different
slowly time-varying linear combinations. These mixtures may be demultiplexed
subsequently by DSP on the basis of the independence of the modulations. The optical
signals are organized using a polarization rotator as appropriate into two co-polarized

signal-LO pairs corresponding to the two combinations of the two components of the
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signal and the single component of the LO polarization. The co-polarized signal-LO pairs
pass through the 90-degree hybrid modules, are mixed by the balanced photoreceivers to
form baseband electrical signals, which are digitized by the analog to digital converters
and then processed by the DSP module. The structure of the conventional coherent

receiver is depicted in Fig. 3.1 [91-96].
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Fig. 3.1. Schematic diagram of a conventional polarization diverse coherent receiver.
Polarization diversity refers to the input signal. TE (horizontal) and TM (vertical)
polarization components are illustrated in green and blue, respectively.

If the SOP of both signal and reference are allowed to be subject to drift, it is likely
that the pair of components entering each of the 90-degree hybrids fade simultaneously.
In this situation, the output of the conventional coherent receiver will be degraded,
resulting in a poor signal-to-noise ratio (SNR) at the DSP sampling time. The idea of
classical diversity techniques is duplication of information: a diversity receiver
coherently combines multiple replicas of the transmitted signal. If the replicas fade
independently, the probability of the combined signal fading is substantially reduced. To
improve the performance of the conventional coherent receiver, rather than combining

the signals generated by the two components of the signal polarization, the diversity
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technique applied in the DSP module may be extended to combine the four signals

generated by all combinations of the two polarization components of the signal and LO

after the polarization of the pairs of components, which generate the diversity signals, are

brought into alignment. The practical realization of the diversity approach can be

achieved by considering the proposed architecture of a coherent optical receiver shown in

Fig. 3.2. It comprises a pair of two conventional coherent optical receiver front-ends with

the addition of an input stage of beam splitters for signal and LO, which are used to form

the four combinations of their polarization components. The proposed architecture can be

understood as symmetric because the input ports used for the signal and reference inputs

may be interchanged with no effect on the operation of the receiver.
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Fig. 3.2 Proposed schematic of a symmetric polarization diverse coherent receiver for
both signal and local oscillator. Modules making use of the TE (horizontal) and TM
(vertical) polarizations of the local oscillator are illustrated in green and blue,

respectively.
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3.3 Theoretical approach

3.3.1 Maximal Ratio Combining

MRC is a technique commonly used in wireless communications to mitigate fading due
to multi-path reception. The idea is to form a weighted combination of several channels
each containing a replica of the signal with greater weight given to channels with higher
signal to noise ratio and lower weight given to channels with lower signal to noise ratio.
For independent additive white Gaussian noise (AWGN) channels, the optimum weights
are proportional to the channel SNR. Multipath reception also results in the replica of the
signal having different carrier phases from channel to channel. It is, therefore, essential
that the replicas are all brought into carrier phase alignment so that the replicas sum
coherently. In other words, MRC method works as a matched filter in the spatial domain.
By using MRC on independently fading channels, the probability of an outage due to all
channels fading simultaneously decreases rapidly with number of channels being
combined. The architecture of the MRC approach is shown in the schematic diagram of

Fig. 3.3.

W2

Wll

Fig. 3.3. Maximal ratio combining is deployed as the polarization diversity technique to combine the
multiple received signals. T,: transmitter, X: transmitted signal, Y: received signal, w;: weights, S:
weighted sum.
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In the case of fading caused by polarization drift, the fading of the diversity channels is
anti-correlated which is advantageous because it is then impossible for the output of the
diversity combiner to fade. Indeed, by properly combining the diversity channels, the
output can be rendered independent of the SOP of both signal and LO. In the case of a
single-port (dual-port) polarization diverse coherent optical receiver, there are two (four)
diversity channels corresponding to the number of homodyne beat signals generated by
the two (four) combination of the two components of the signal polarization and the one
(two) component(s) of the polarization of the LO after the polarization of these
components are brought into alignment by polarization rotators. The state of polarization
of the signal and the LO are described by the two complex components (TE & TM) of
their respective unit Jones vectors. The two (four) baseband signals correspond to the
product of each of the components of the signal Jones vector with the complex conjugate
of the one (two) component(s) of the LO Jones vector. In the case of single-port
polarization diversity, the diversity signals correspond to signal-LO polarization
component pairs TE-TE and TM-TE. As the signal SOP varies, it is possible for one of
these two signals to fade. Provided fading is entirely due to SOP drift (and not due to
fading of the overall signal intensity) when one component of a Jones vector fades the
other component becomes strong. It is therefore not possible for both diversity channels
to fade simultaneously when the LO polarization is fixed appropriately. Similarly, in the
case of dual-port polarization diversity, the diversity signals correspond to signal-LO
polarization component pairs TE-TE, TE-TM, TM-TE, and TM-TM. As the signal and
LO SOP vary independently, it is possible that a pair of the four signals generated

corresponding to the same component of the signal polarization fade. Similarly, it is
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possible that a pair of the four signals generated corresponding to the same component of
the LO polarization fade. However, provided fading is entirely due to SOP drift (and not
due to fading of the overall signal intensity), then when one component of a Jones vector
fades the other component becomes strong. It is, therefore, impossible for all four of the
generated signals to fade simultaneously.

Let the N diversity signals to be combined be represented by the components of a
complex vector y = x + &, where the complex vector x represents the wanted signals and
e represents additive noise. The diversity combiner forms the weighted sum s(y) = (y, w),
where (u,v) =Y, yu;v; is the standard inner product, sis a linear functional and the
weight vector is defined as w = [w; w, ..w,]7, with |lw||? = (w,w) = 1. The objective is to

maximize the signal power to noise power ratio:

_{s@1?) _ whathw
T Us@12) T wiheghw

Equation 3.1
where (-) denotes the ensemble average, (xx) is the covariance of the signal and (ee') is
the covariance of the noise. The purpose of the ensemble averaging is to isolate the
slowly varying part of the signal due to fading from any rapidly varying part due to
modulation. In practice, the ensemble averages must be estimated using short-time
averages.

Equating to zero the Fréchet derivative [97] of £ with respect to w' leads to the
generalized eigenvector—eigenvalue problem: (xxTYw = Ueehw, where
A2 = [whxxT)w]/[wt(eet)w] is automatically satisfied by any eigenvector—eigenvalue pair.
The eigenvalue is the signal to noise power ratio (SNR) at the output of the combiner and

hence the eigenvector corresponding to the largest eigenvalue yields the optimum weight
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vector. Since the noise covariance matrix is positive definite and, therefore, has a square
root, setting u = (e&')'/2w yields the standard eigenvector—eigenvalue problem:

((ss*)‘l/zx)((ss*)‘l/zx)lru =u Equation 3.2
The term on the left-hand side of Eq. 3.2 is a non-negative definite projection operator
onto the one-dimensional subspace spanned by (eet)~'/2x. There is therefore only one
non-zero eigenvalue that corresponds to an eigenvector lying in the complex subspace of
all scalar multiples of the vector. w = (ee')"1x/||(ee")"1x||. The normalization of the weight
vector is also effective at removing amplitude modulation if the modulation index is less
than 100%.

As first formulated, one needs to know separately the covariance of the signal (xx') and
noise (ee). Consider a second formulation in which the objective is to maximize the
signal plus noise power subject to the constraint of a weight of unit norm. The objective

function is then:

E=wiyyhHw + 2(1 — wtw) Equation 3.3

where 1 1s a Lagrange multiplier. Equating to zero the Fréchet derivative of &€ with
respect to w' yields the eigenvector—eigenvalue problem (yy*)w = Aw which has the merit
that an estimate of the covariance of the signal plus noise only is required. The optimum
weight again corresponds to the largest eigenvalue. Moreover, assuming the noise and
signal are uncorrelated then (yy') = (xxT) + (') and the eigenvalue is equal to the signal
power plus the noise power at the output of the combiner. In addition, if the noise in each
channel is independent and has identical variance o2 then (ee') = o2I. The eigenvectors
found are then identical to that found in the first formulation. Given a suitable estimator

of (yy'yand sufficient signal to noise ratio, the variance of the estimate will not
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interchange the eigenvectors ranked by eigenvalue and the eigenvector with largest
eigenvalue will agree with the first formulation.

Although w has unit norm by construction and is an eigenvector corresponding to the
largest eigenvalue and therefore is a valid weight vector that maximizes the SNR, it is not
uniquely defined and one cannot simply set w = w. This follows from the invariance of
yy' to multiplication of y by a unimodular phase factor and the equivalence of
eigenvectors under multiplication by a unimodular phase factor. The current weight
vector w,,,, is consequently determined recursively by the update rule:

Wi = Wp, Wy )Wy, Equation 3.4

where w,,, is the current eigenvector and w,, is the previous weight vector. The recursion
is initialized by setting w, = w,. Note this update rule is invariant to the particular
eigenvector selected to represent its equivalence class under scaling by a unimodular
phase factor. The unimodular phase factor (w,, w,,,) ensures that w,, is the closest valid
current eigenvector to the previous weight vector (recall |lw,|| = [|W,4,|| = 1). This simple
expedient tracks the component to the carrier phase contributed by the diversity combiner
and prevents any wild variations of the phase due the peculiarities of the process of
selection of a representative eigenvector by a particular eigenvector—eigenvalue solution
method.

3.3.2 Dual polarization diversity

The in-phase and quadrature signals provided by the balanced photodetectors at the
outputs of the hybrids (Fig. 3.2) form the four complex beat signal components x;;, =
(Es e;)(E,, e, where E;and E,are the Jones vectors representing the signal and
reference (LO) fields and e, e, are orthonormal Jones vectors that represent the linear TE

and TM polarizations. These four components x;, constitute a 2 x 2 complex matrix signal
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formed by the outer product of the signal and the reference field vectors X = E;E!. One
may then write ¥ =X+ E, where Y =[Y11 Y12 ; Y21 Yz22]represents the signal plus
noise, X =[X¥11 X2 ; X21 X22] represents the signal and E=[E; Ei; ; Ex Epl,
represents additive white Gaussian noise. Similarly, one can define a 2 x 2 weight matrix
W =[Wi1 Wiz ; Wz Wp]. The diversity combiner forms the weighted sum S(Y) =
[v,w] where the Frobenius inner product of 2 x2 complex matrices is defined by
[U,V] =Tr(UV") =%,.,,u;v;;,and Sis a linear functional. The signal plus noise power
from the combiner is (|S|?) = [(P)W, W], where P(-) = [, Y]Y is a linear operator on matrices
representable in a suitable basis as a 4 x 4 matrix P = Y®Y' where ® is the Kronecker
tensor product. In the following, two different methods of dual-port polarization diversity

are described.

3.3.2.1 Unconstrained weight matrix method

Following the second formulation of the MRC method, the objective is to maximize the
mean signal plus noise power subject to the constraint that the weight vector has unit

norm. The objective function € is then:

E=[P)o W, W]+ A{1 — [W,W]} Equation 3.5

where 1is a Lagrange multiplier. Equating the Fréchet derivative of € with respect to Wt
(or w) to zero yields the eigenvector—eigenvalue problem: (P)o W = AW. If the weight
matrix W is an eigenvector, then £ will be equal to A. If the fluctuation of ¥ is entirely due
to identically distributed independent AWGN, then the only change to (P) is the addition
of an identity weighted by the noise variance. This raises the value of eigenvalues by the
noise variance and leaves the eigenvector with the largest eigenvalue unchanged. Given a

suitable estimator of (P) and sufficient signal to noise ratio, the variance of the estimate
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will not interchange the eigenvectors ranked by eigenvalue and the eigenvector with

largest eigenvalue will provide the optimum weight matrix.

3.3.2.2 Constrained weight matrix method

A tighter constraint is provided by a weight matrix defined as the outer product of two
vectors: W = uv®, in which case: & = [(P)o (uv), uv'] + A{1 — [uv’,uv’]}. Equating the
Fréchet derivative of € with respect to u™ and v’ reduces the problem to a pair of two-

dimensional eigenvector—eigenvalue problems:

X' Xv=0Q-0>v

Equation 3.6
XXtu= (A - o?u quation

Naturally, Yty and yvYT'share the same eigenvalues and so the common eigenvalue 1 is not
an issue. The choice of normalization (u,u) =1 and (v,v) =1 ensures that [W,W] = 1.
Under the same assumptions regarding noise as in the preceding, the optimum weight
matrix W = uwt is given by the outer product of the eigenvectors u, ¥ corresponding to the
largest eigenvalue.

The virtue of the constrained method is that only a pair of two-dimensional
eigenvector—eigenvalue problems is involved which may be solved analytically rather
than a four-dimensional eigenvector—eigenvalue problem which is best solved

numerically. The analytic calculations require the explicit form of (¥'y) and (vy')as

follows:
Yi1yvi1) + (V21Y21)  (V11Y12) + (V31Y22) .
Yty)y=|["1 p . . Equation 3.7
( ) Vi2y11) + (V22Y21)  (Vi2Y12) + (V32V22) 1
and:
(vyty = (V11y11) + Y12yi2)  (Viyzn) + (vi2yz2) Equation 3.8

(V21¥11) T V22¥12)  (V21Y21) + (V22V32)
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Although each of these two matrices is constructed from eight components of the
covariance matrix; together they do not exhaust all sixteen components of the covariance
matrix encoded in the tensor (P). Taking Hermitian symmetry into account, there are ten

independent components of which six are used.
3.4 Architecture of DSP module

The first step towards the validation of the theoretical approach developed in the
preceding section is the generation of a differential-QPSK modulated signal at the
transmitter. Even and odd bits of a binary non-return-to-zero (NRZ) data stream are split
and used to modulate the amplitude of an in-phase and quadrature phase copy of a
common carrier which are combined to generate the four states of the QPSK signal. After
both in-phase and quadrature components of the signal are coherently detected and
conditioned to form the signals x;;, DSP algorithms are applied to recover the transmitted
data. As illustrated in Fig. 3.4, the DSP module consists of four subsystems: 1) dispersion
compensation, 2) polarization diversity, 3) carrier phase estimation, and 4) demodulation
and visualization of recovered data. Each of these subsystems is briefly described in the

following subsections.
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Feeeeeeeeeesescececeseseecesesesceceeeseseecessseseeeesesa- :
: .
[} [ ]
X|| ———— = 2w ey '
" ' g :gn gg = s = Og '
[] s .2 OE 8 < = N o = [
w— 28] 2250z z2i[SQEE[ |23 ¢
' =g N L& = 5 = = < O ’
il —— ISR ——y BBl —— RS ——" S
Pz E Y2 EEE S iz "z
X2 ety 2 5 £ 5 S R £8 2z 3| »
2 ' © a] 5 ,:%‘ 5.3 S 2 ’
[ ] Q L]
[] [}
[ ] [}
[ ] L]
(] ]

Fig. 3.4. Architecture of DSP module at the end of coherent receiver
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3.4.1 Dispersion compensation

In a single mode fiber, polarization mode dispersion (PMD) is a random phenomenon
that takes place due to birefringence in the fiber that originates from asymmetry caused
by an elliptical core, stress, bend, or twist. PMD stems from the random birefringence
which yields different group velocities of the two orthogonal polarizations modes. This
polarization effect causes mode coupling and random changes in SOP in a long haul
transmission [98,99]. Since the existence of PMD and chromatic dispersion (CD) in
optical transmission causes inter-symbol-interference (ISI) in high speed systems,
dispersion compensation techniques using DSP are essential for mitigation of linear
dispersion effects and has been regarded as one of the important approaches to increase
the capacity of high data rate optical transmission systems [100,101]. Neglecting fiber
nonlinearity, the single mode fiber can be considered as a phase-only filter having the

transfer function of:

DA%z . SAz .
o w? +j Wuﬁ), Equation 3.9

F(z,w) = exp (—j
which represents fiber dispersion and the dispersion slope for multi-channel application.
In Eq. 3.9 wis the angular frequency, 1is wavelength, zis propagation distance, cis the
speed of light in vaccum, D is dispersion coefficient in fiber, S is the residual dispersion
slope, and j denotes the complex numbery—1 . It is clear that multiplication of the output

to the inverse of this transfer function results in dispersion effect compensation [102].
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3.4.2 Polarization diversity

This block implements the algorithms described in section 3 in order to select the
eigenvector with largest eigenvalue as weight vector for the purpose of polarization
demultiplexing.

3.4.3 Carrier phase estimation

The phase of the carrier is unknown and must be retrieved from the received signal. Here,
a carrier phase recovery subsystem is implemented for the special case of DQPSK. As
shown in Fig. 3.5, the approach consists of raising the complex combined signal (i.e., the
output of the MRC module) to the fourth power in order to remove the modulation, phase
unwrapping to provide continuity in time, and then dividing by four to provide the
compensatory phase [103]. The use of DQPSK modulation overcomes a residual sign

ambiguity.

Phase estimation
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Fig. 3.5. Carrier phase estimation and timing synchronization subsystems
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3.44 Demodulation: sign ambiguity resolution and error estimation

In DQPSK the information is carried by the phase difference between two consecutive
symbols, the current symbol is detected using the prior symbol as a reference and a
n/4rotation of the constellation is performed to simplify the symbol decision. As
illustrated in Fig. 3.6, a multiplication of the current symbol by the complex conjugate of
the previous symbol is performed for both received and transmitted data. In the decision
unit, the sign of both real and imaginary parts of the products are compared respectively.
An indication that the received and transmitted symbols are located in different quadrants
is detected if the sign of the real parts (or the sign of the imaginary parts) of the received
product is different from the corresponding transmitted product. A decision is made
based on the error flag and the demodulation histogram is visualized according to the

number of detected symbols in each quadrant.
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Fig. 3.6. DQPSK demodulation histogram and error visualization

3.5 Simulation results

The performance of the proposed architecture of true polarization diverse coherent

receiver is assessed by numerical simulations for both constrained and unconstrained
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MRC methods. A 100 Gbps coherent dual polarization DQPSK Transmission system
with DSP is simulated. Linear dispersion effect is modeled using Eq. 3.9. Independent
randomly-drifted states of polarization for reference and signal are modeled as a
Brownian motion on the SU(2) manifold [104-107] which is isomorphic to the three-
dimensional surface of the sphere in four dimensions S3. The motion on S*is locally
approximated by a random walk on its tangent plane R3. Random vectors in R? with
independent zero mean unit variance Gaussian distributed components are generated to
construct via the Pauli matrix basis instances of 2 x 2 traceless anti-Hermitian matrices
which represent the tangent vectors at a discrete point on a path in SU(2). The tangent
vectors are transformed into an element of SU(2) via the exponential map with parameter
ot that describes a step on the path on the manifold. This provides a good approximation
to Brownian motion on the sphere when the step size is small compared to the inverse
curvature of the sphere. Each point on the path is an element of SU(2) whose action on an
initial Jones vector (i.e. e, or e,) at the transmitter yields the corresponding drifting Jones

vector at the receiver. The duration of drift (T) and Brownian motion deviation (6t) are

set to be 10 and _|T/,, respectively, where the number of samples (n) is set to 10¢ to allow

SOP variations over many 2r cycles. The drifting SOP is visualized as a motion on the
Poincaré sphere. Considerations of memory size limit the total number of samples one
may use in one simulation run. One sample per symbol of 25 million at a representative
symbol rate of 25 GSs™, leads to a sample path with a total duration of 1 ms. Over that
time period, the SOP at the end of a fiber-optic link is likely to be essentially static. This
could be modeled by generating an instance of a SOP for both signal and LO and holding

it throughout the duration of the simulation. However, to properly demonstrate the
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capability of the algorithms to adapt to a drifting polarization state, the SOP must be
updated during the simulation. The consecutive states of polarization are computed after
a block of AWGN channel samples with programmable length, rather than at every
sample. In the simulations reported in this chapter, each state of polarization is updated
after 25 samples. The SOP drift modeled is therefore far more aggressive that one might
expect to encounter in practice. It is noteworthy that an algorithm that copes with an
aggressive simulation will encounter no difficulty with the more benign reality. The
electrical SNR is set to 20 dB for all channels. Random-drifting states of polarizations
mapped onto the Poincaré sphere for the signal are shown in Figs. 3.7(a) and 3.7(b).

Similar yet distinct traces are obtained for the polarization drift simulated for the LO.
Poincaré sphere Poincaré sphere
0.5

0.5 4

-0.5 4 0.5 4

Fig. 3.7. Simulated states of polarization projected onto the Poincaré sphere. (a)
Ilustration of 1x10° samples and (b) 1x10° samples. The solid line in (a) shows the
trajectory followed by consecutive simulated states of polarization.

The composite signal is then transmitted through a span of 300 km single-mode fiber
with dispersion coefficient of 16.75 ps/nm.km and dispersion slope of 0.075 ps/nm”.km.

Both the channel wavelength and dispersion reference wavelength are set to 1550 nm.
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Since the SOPs of both reference and signal are drifting and each has two independent
orthogonal components, the output after photo-detection consists of four complex signals
which are: x;; = E}yEgy = Ly + jQuxs %12 = EjxEsy = Ly + jQyys %21 = EfyEgy = L, +jQ,, and
X2, = EfyEgy = Ly, +jQy,. Subindices sandr denote signal and reference (LO),
respectively, whereas x and y denote linear horizontal and linear vertical polarizations,
respectively. The normalized magnitude of the complex signals x,; and x,, obtained
before the diversity combiner are shown in Figs. 3.8(a) and 3.8(b) for samples 1 to
50x10°.

In the case where both the signal and LO have linear horizontal polarizations, the
output x,, of the proposed coherent receiver retrieves a normalized power magnitude
around 0 dB, which turns to be larger than the detected power in any of the other outputs
providing the polarization of the signal is maintained. Fig. 3.8(b) illustrates a drifting
SOP of the LO that evolves from essentially linear horizontal to essentially linear vertical
over the record. This drift would have caused a deep fade of the signal recovered by a
single-port polarization diverse coherent optical receiver. A similar scenario is illustrated
in Figs 3.8(c) and (d) for a LO states of polarization that evolves from essentially linear
vertical to linear horizontal polarization between sample 5x10° to sample 5.05x10°. This
amply demonstrates the capability of optical coherent receiver architecture proposed to
recover the modulation successfully despite the use of both a signal and a LO with a
drifting state of polarization. The observation is also valid for a signal in a vertical linear
polarization state and a reference that drifts from horizontal (variable x;,) to vertical
linear polarization (variable x,,). As explained in the preceding, the complex weights are

found via an eigenvector—eigenvalue analysis of the covariance matrix performed by the
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MRC algorithm. The product of the weights by the input signals shown in the traces of
Figs. 8(¢)-8(h) for samples 1 to 50x10° and 5x10° to 5.05x10°. The plots illustrate how
the MRC algorithm places greater weight on the signals with the greater SNR in order to

generate a clean and steady combined output.
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Fig. 3.8. (a)-(d) Normalized magnitude of the coherently detected signals
x11 and x4 before the constrained MRC approach. (e)-(h) Normalized magnitude of the
weighted signal.

The output of the diversity combiner for both constrained and unconstrained methods is
shown in Figs. 3.9(a)-3.9(d) for 300 km fiber and the back-to-back system. As illustrated,
the output signal fluctuates more when the fiber is used due to the impairments it causes.
However, the output signal from the diversity combiner for constrained method is cleaner

and steadier.
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Fig. 3.9. Combined signal power from the MRC combiner without dispersion
compensation using (a) constrained method and (b) unconstrained method for 300 km of
dispersive single mode fiber. Signal powers in (c) and (d) are the counterparts of (a) and

(b) for the back-to-back system.

In the demodulation subsystem, the combined signal vector is raised to the forth power
to remove the DQPSK modulation, the unwrapped phase is found and divided by four to
find the carrier phase. A first order autoregressive model is used to average the carrier
phase over many samples to improve its estimation in the presence of noise. This
estimated phase is equal to the expected carrier phase of the signal (modulation and noise
are rejected) and is used to bring the signals into (carrier) phase synchrony. As DQPSK
depends on the difference between two consecutive phases rather than the absolute phase
value, it is the change of phase that encodes a symbol. Consequently, the output depends
on the phase difference between the current and the previous symbol. Setting the phase
rotation parameter to m/4 to simplify error detection, the constellation diagrams of the
differentially detected demodulated signal after carrier phase drift elimination for 300 km
fiber length are visualized in Figs. 3.10(a)-3.10(b) using both constrained and
unconstrained methods. The performance of both algorithms is almost the same and an
error-free demodulation constellation is obtained. However, the constrained method is
slightly more robust especially when the fiber is longer, which means a received

demodulated symbol has slightly larger probability to stand in the desired area of the
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constellation. On the other hand, the advantage of the constrained method is that the
eigenvectors with largest eigenvalue of 2 x 2 matrices only need to be found which can be
done analytically whereas in the unconstrained method the eigenvector with largest
eigenvalue of a 4 x 4 matrix must be found which is best done numerically. Hence, the
constrained method simplifies the process while the unconstrained method increases the
complexity. As a reference, constellation diagrams found in the absence of chromatic
dispersion and polarization mode dispersion are shown in Figs. 3.10(c) and 3.10(d).
Comparing the traces in Figs. 3.10(a) and 3.10(b) with their counterparts in Figs. 3.10(c)
and 3.10(d) illustrate that fiber dispersion causes a more scattered constellation diagram
due to the dissimilar velocity of propagation of the spectral components associated with

both signal and LO.
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Fig. 3.10. Constellation of the demodulated signal using (a) constrained method and (b) unconstrained
method without dispersion compensation for 300 km of dispersive single mode fiber. Constellations in (c)
and (d) are the counterparts of (a) and (b) for the back-to-back system.
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3.6 Discussions

The dual-port diversity approach in the proposed architecture opens up some
opportunities for carrying modulation on both ports — this allows the multiplexing of
three channels rather than the two polarization multiplexed channel of the single port
diversity. Also, the polarization diversity of the reference permits a frequency standard
distribution network to be used. The proposed architecture does increase the cost by
about two times in terms of the optical front end and ADCs. However, there is an
aggressive cost/price ‘learning curve’. Photonic integration means that there is little
difference in the volume cost between the single and dual port circuits (packaging costs
will dominate and be similar). The major cost is the DFB laser and the ADCs are
currently integrated with the DSP in an ASIC. The DSP algorithms used these days are
more sophisticated than the dual port polarization diversity — they effectively back
propagate the received signal through the fiber undoing dispersion, evolution of
polarization, and non-linearity to estimate the transmitted signal at the source. Therefore,

the increased software complexity is marginal.

3.7 Conclusion

An improved yet original architecture of a coherent optical receiver based on two
conventional coherent receiver front-ends in tandem has been proposed. It is
demonstrated that the proposed architecture is effective at dealing with drifted states of
polarization for both modulated signal and LO. An important subject in the proposed
architecture is the polarization diversity approach, which is effectively implemented
through the eigenvalue—eigenvector analysis of the covariance matrix. The concept is

validated by numerical simulations considering two different methods of polarization
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diverse recovery with dispersion compensation, carrier phase estimation and elimination
of sign ambiguity. As such, the simulations show the scheme when used at 100 Gbit/s is
remarkably robust to extremely aggressive SOP changes. The results obtained are
encouraging and motivate further research towards the actual design, fabrication, and
testing of the proposed architecture which eventually may relax the polarization
characteristics of laser sources operating as LOs in optical coherent receivers and brings

new ideas for polarization multiplexing schemes in modern communication systems.
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4 Chapter: Numerical analysis of a multi function photonic integrated

circuit for coherent Radio-over-Fiber

4.1 Introduction

Resulting from the growing demand for high data rates in the wireless network, radio-
over-fiber (RoF) systems integrated with optical coherent technologies are an emerging
scheme for developing multi-Gbps wireless access [108-115]. Aided with digital signal
processing techniques, combining microwave and fiber optic-based technologies also
offers the possibility of mitigating system impairments, increasing transmission capacity,
reducing energy consumption, and eventually reducing the cost of multi-Gb/s wireless
access networks and operation [116-125]. Prior to its practical use, however, digital
coherent RoF systems require optimized approaches to untangle some challenges.
Considering the downlink, i.e. signal transport from the Central Office (CO) to the
Remote Unit (RU), utilizing photonic means to generate mm-wave carriers (60 to 110
GHz) is a feasible approach to reduce the complexity of the RU. Laboratory
demonstrations of RoF downlinks typically make use of the heterodyne mixing of a
modulated laser source at 1, carrying the information signal and another uncorrelated-
laser source at 1, [126]. Despite the relevant results reported therein, the number of laser
sources used and their phase non-correlation are indicative of a promising improvement.
Heterodyne mixing of two correlated wavelengths obtained by frequency multiplication
in high-speed modulators for mm-wave carrier generation has also been reported [127-
130]. The main drawback involves the requirement of filtering out one of the
wavelengths to apply baseband modulation and the further combination of the two

wavelengths for transport (the unmodulated and the modulated one, which hence requires
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optical amplification). Considering the uplink, i.e., signal transport from RU to CO,
translating the (small power) intermediate-frequency electrical signal to the optical
domain through an efficient single-sideband (SSB) modulator is a challenging issue. A
common approach at the RU has been to down-convert the mm-wave to baseband using
electrical mixers and low-pass filters. The baseband signal is then used to modulate the
intensity of an optical carrier and sent to the CO [131]. Another approach utilizes an
architecture comprising a customized 100 GHz traveling wave electro-absorption
modulator (EAM) to modulate the amplitude of a distributed feedback (DFB) laser
externally [126]. The electrical input to the up-conversion mixer is a 75-110 GHz carrier
modulated with a 16 Gb/s quadrature phase shift keyed data signal. A combination of an
optical circulator and a fiber-Bragg grating (FBG) is then used to extract the SSB;
however, the low conversion efficiency reduces the receiver sensitivity. Moreover, the
EAM, DFB laser, and FBG must be very closely matched in the frequency of operation,
which entails temperature control of the up-converter; an undesirable feature in terms of
energy consumption considerations. In addition to the advantages of SSB modulation in
terms of dispersion-induced power fading, suppression of the optical carrier in the uplink
SSB is essential to prevent dynamic range limitations of the coherent receiver sensitivity
at the central office, especially if optical amplification is used to boost the weak sideband.
Even though, the possibly remaining image sideband can be rejected by the coherent

receiver, it could be a source of crosstalk in DWDM architectures.
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Fig. 4.1. diagram of a digital coherent RoF system comprising three main building blocks: SSB, IQ
modulation at the downlink, and SSB, at the uplink. Insets A to E illustrate signals at relevant points
of the system. Down and uplink are denoted in blue and red, respectively.
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Fig. 4.2. Schematic diagram of the microwave photonic integrated circuit (unused ports of the 2x2 MMIs
are not displayed).

Inspired by our former investigations on electro-optic up-conversion mixers [132],
frequency 8-tupling and 24-tupling [133], as well as generalized architectures for
frequency multiplication and translation for suppression of unwanted harmonics by
design [134,135], the aim of the present work is to theoretically analyze the use of a
microwave photonic integrated circuit (MPIC) in various building blocks of a digital
coherent RoF system. The analyzed circuit offers the realization of in-phase and
quadrature (IQ) modulation, as well as upper and lower-SSB at the downlink. In the latter
function, the optical first-order harmonics (FOH) are spatially separated and available in

distinct output ports of the MPIC, facilitating remote heterodyning. Moreover, the
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operation of the circuit is analyzed in the uplink as SSB modulator of mm-wave 1Q-
modulated carriers. The MPIC application in an RoF system is demonstrated by computer
simulations using the Virtual Photonics Inc. software package. Simulation results show
the analyzed circuit conveniently facilitates the generation of mm-wave IQ-modulated
carriers at the remote unit by the heterodyne mixing of two correlated and spatially
separated harmonics. In addition, the feasibility of the MPIC circuit to realize optical
SSB at the uplink is shown provided that the electrical signal at the modulator input has a
small power and is centered at the intermediate mm-wave frequency.

4.2 RoF system and MPIC architecture

A schematic diagram of the digital coherent RoF system analyzed here is shown in Fig.
4.1. Although conceptually similar to the typical architecture reported in [126], the
downlink only requires a laser source at 4,, which is frequency shifted by an electrical
sinusoidal oscillator at the SSB; circuit (upper and lower sidebands in inset A). An
identical replica of the MPIC is used afterwards as an IQ modulator for the baseband
information signal. Both modulated and unmodulated single-sidebands are combined
(inset B), transmitted through a fiber optic span, and heterodyne mixed at the remote unit.
Comprised of a high-speed photo-detector, electrical amplifier, and band-pass filter, the
heterodyne mixer delivers the IQ modulated signal centered at the mm-wave frequency of
2fzr (inset C), which is eventually sent to the end user through a wireless link. The radio
frequency (RF) signal transmitted from the RU to the CO is also centered at 2fz and,
generally, reaches the SSB, with a significantly lower power (inset D) relative to the
signal at the output of the heterodyne mixer (inset C). At the output of the SSB,, the

intermediate frequency signal is translated to a single-sideband at the frequency of 2fs
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from the emitting wavelength 2, of the laser source. After transmission through a fiber
optic span, the optical SSB signal reaches the central office and is detected using an
optical coherent receiver (OCR). The MPIC illustrated in Fig. 4.2 is comprised of four
electro-optic phase modulators situated in the four arms between an interconnected 1x4
distribution tree and a complementary 4x2 combination tree [132]. Both the distribution
and combination trees are formed by multi-mode interference (MMI) couplers. The
circuit can be conceptually described as a pair of differential optical amplitude
modulators within the arms of a Mach—Zehnder interferometer formed by the outer MMI
splitter and coupler. The novelty of the MPIC lies in the use of the intrinsic phase
relations between the MMI ports to realize a broadband and free of drift design requiring
no static phase shift elements. For the MPIC to function as an IQ modulator, the upper
and lower pair of phase modulators are driven differentially by the in-phase (v,(¢t)) and
quadrature (v, (t)) phase components of the modulating signal, respectively. For the SSB
modulation, the RF electrical signal is applied to the I-channel and a =/2 phase-shifted
replica of it to the Q channel.

4.3 Simulation results

The concept of the multi-function photonic integrated circuit is demonstrated by
numerical simulations using the Virtual Photonics Inc. software package. Considering the
MPIC circuit, the nxm MMIs are configured as splitters and couplers with 50% output
power ratio and phase relations according to the self-imaging principle. Ideal phase
modulators with unlimited frequency bandwidth are used. In all simulations, a resolution
bandwidth of 19.5 MHz and span of 320 GHz are set to capture the optical and electrical

spectra.
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4.3.1 Downlink: single-sideband modulation

To analyze the MPIC operating as SSB at the downlink, a continuous wave DFB laser
source set at a wavelength of 1553.59 nm with a linewidth of 200 kHz and power of 20
mW, is set as the optical input. A 30 GHz sinusoidal signal is deployed as the RF input to
the SSB;. The phase of the driving signal at the input of the phase modulators in MZM4
and MZMg is 0, +m, —r/2, and +n/2, respectively. The amplitude of the driving RF signal
is determined by the analysis of the first order harmonic (FOH) relative to the third-order
(TOH) and higher-order harmonics at the output of the SSB;. As shown in Fig. 3.3. (a),
the FOH (i.e. the component of interest located 30 GHz above the optical carrier)
increases linearly with the RF input signal from a low power level of around -50 dBm up
to +20 dBm. Within the input power interval from +2 dBm to +19 dBm, the simulated
harmonic suppression ratio (FOH/TOH) ranges from 56.5 dB to 22.8 dB. To maintain the
FOH at a peak power of 1 mW while the TOH is kept minimal, a power of 7 dBm for a
phase modulator load of 50 Q is set to the driving RF input signal. The generated upper-

SSB is shown in Fig. 4.3. (b).
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Fig. 4.3. (a) Optical power of the first-order component (30 GHz above laser source) and higher-order
distortion (-90 GHz and +150 GHz off laser source) versus input signal power to the upper-SSB circuit. (b)
Optical spectrum of the upper-SSB for an RF input power of +7 dBm, and (c) -50 dBm.

Although not illustrated, a lower-SSB harmonic with the same characteristics but
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located 30 GHz to the left of the optical carrier is generated in the other output port of the
SSB; module. To further assess the performance of the single-sideband modulator, the
upper and lower SSBs are combined and impinged onto a photo-detector whilst the
continuous wave DFB laser source is set to different linewidths ranging from 1 kHz to 10
MHz. As shown in Fig. 4.4 (traces in blue), the spectral purity of the laser source has a
negligible effect on the linewidth of the mm-wave carrier generated by heterodyne
mixing, which is solely determined by the linewidth of the 30 GHz driving signal. In the
counterpart, the heterodyne mixing of two distinct laser sources results in an RF carrier
featuring a linewidth proportional to that of the two optical sources. Obtained output is
shown in Fig. 4.4 with traces in red, green, purple and black, corresponding to separate
lasers with linewidths of 1 kHz, 10 kHz, 100 kHz, 1 MHz and 10 MHz, respectively.
Simulated results shown in Fig. 4.4 illustrate the advantage of the MPIC operating as
SSB modulator at delivering two phase-correlated single-sidebands spatially separated in

the two output ports of the analyzed photonic circuit.
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Fig. 4.4. The output of the photo-diode after impinging the two sidebands from the SSB circuit (blue trace)
and two wavelengths from distinct lasers. L1 to L5 denote the case of laser linewidths of 10 MHz, IMHz,
100kHz, 10 kHz, and, 1 kHz, respectively. Insets show the input to the photo-diode from distinct lasers
(top left) and SSB circuit (top right) for laser sources set at a linewidth of 10 MHz.
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4.3.2 Downlink: IQ-Modulation

To assess the performance of the MPIC operating as an 1Q-modulator at the downlink,
the FOH in Fig. 4.3. (b) is used as the optical input and is driven by a baseband 10 Gbps
non-return-to-zero 2'°-1 pseudo random binary signal (PRBS). The input drive (v, =
0.25V,, = 0.5V, with V, being the half-way characteristic voltage of the differential
modulator) is properly coded to comprise the I and Q channels. Placing a variable
attenuator at the MPIC output, the symbol-error-ratio (SER) is simulated by an OCR for
powers ranging from -30 dBm to -25 dBm and shown in Fig. 4.5. Simulation results
illustrate that SER of 1072 is achievable for the given optical and electrical inputs to the
1Q-modulator providing a power above -27 dBm reaches the coherent receiver. The back-
to-back quadrature phase-shift keying (QPKS) constellation diagrams obtained for

received optical powers of -25 dBm and -30 dBm are shown in the insets of Fig. 4.5.
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Fig. 4.5. Back-to-back SER simulated for the MPIC operating as an IQ-modulator.
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4.3.3 Uplink: IQ-modulation

Once the upper-SSB is 1Q-modulated and combined with the un-modulated lower-SSB,
the composite signal shown in the inset of Fig. 4.6 is transmitted to the remote unit
through a 5 km span of single-mode fiber. The attenuation, polarization mode dispersion
coefficient, and non-linear refractive index of the fiber are set to 0.2 dB/km, 0.158 ps/vm
and 2.6x1072% m?/w respectively. The output of the heterodyne mixer comprises the
source information signal frequency- shifted from its optical upper-SSB to the 60 GHz

electrical carrier.
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Fig. 4.6. Spectrum of the IQ-modulated information frequency-shifted to the mm-wave carrier at the output
of the heterodyne mixer in the remote unit. Inset shows the incoming combined signal.

In principle, the mm-wave signal shown in Fig. 4.6 is amplified, band-pass filtered and
transmitted to the end-user through a wireless link. Taking into account, the practical
limitations imposed by the utilized software, an additive white Gaussian noise (AWGN)
channel is used as a simple model of the wireless link. The QPSK-modulated carrier at 60
GHz and the AWGN channel are then connected to the RF input of the MPIC operating
as an SSB, at the RoF uplink. A laser source with the same characteristics as used in the
downlink centered at 2, = 1545.6 nm is set as the optical carrier of this single-sideband

modulator. Taking into account the mm-wave signal typically reaches the SSB, module
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at the RoF uplink with a low power prior to any electrical amplification [124,125,136], an
attenuator is used to vary the input power whilst the SER is assessed by an OCR. As
shown in Fig. 4.7, SER equal to 107° is obtained in the simulations for RF input powers
of -50 dBm, illustrating the feasibility of the proposed MPIC circuit as an 1Q-modulator
to an intermediate frequency signal (60 GHz in the analyzed scenario) with low average
power. Optical spectrum at the output of the SSB, (i.e. the input of the optical coherent
receiver used to assess the performance of the MPIC) and associated constellation is
illustrated in the insets of Fig. 4.7. Moreover, considering the RF signal with a power of -
50 dBm at the output of the heterodyne mixer, the error-vector magnitude (EVM) of the
received signal at the central office is simulated and shown in Fig. 4.8 for SNR ranging
from 8 to 18 dB (60 GHz modulated signal to AWGN level). Simulations of the entire
coherent RoF system indicate that transmission compliant to the IEEE standard is

achievable using single-mode fibers spanning up to 10 km [137].
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Fig. 4.7. Simulated SER for the MPIC operating as IQ-modulator at 60 GHz frequency-shifted signal in the
optical coherent RoF uplink. Insets show the spectrum of the signal reaching the coherent receiver and the
corresponding received constellation.
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Fig. 4.8. Simulated EVM for the RoF system transmitting QPSK (single carrier) modulated data versus
wireless channel SNR using 5 km single- mode fiber. Solid line denotes a fit to a logarithmic function of
the EVM.

To further assess the performance of the proposed MPIC in an RoF system, orthogonal
frequency division multiplexing (OFDM) technique has been used to generate the source
data for the IQ modulator in the downlink. Indeed, OFDM has been employed in many
wireless communication standards owing to its high spectral efficiency [138-141]. In the
analyzed RoF system, the available spectrum is divided into N=128 sub-carriers, each
one modulated using QPSK at 5 Gbaud. A schematic diagram of the OFDM modulator at
the transmitter side and demodulator at the receiver side are shown in Fig. 4.9.

The serial-to-parallel converter takes the serial stream of 10 Gbps data and outputs 128
parallel streams. These parallel streams are independently converted into the QPSK
digital modulation format and then superimposed onto the orthogonal subcarriers for
transmission, which are represented by IFFT on the transmitter side. The outputs of the
128 parallel arms are summed up together to generate the OFDM signal. In addition to
the IFFT block, some OFDM systems also incorporate a cyclic prefix allowing for simple

implementation of an equalizer in the frequency domain to provide improved link
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performance in multipath environments (e.g. wireless communication).

OFDM modulator (Transmitter)

mapper
IFFF

insertion
DAC

ADC
Guard-time

removal
v
Serial to Parallel
v
FFT
Channel jstlmatlon

Fig. 4.9. Architecture of the OFDM system used to further assess the performance of the proposed MPIC in
the RoF system. IFFT: inverse fast Fourier transform; DAC: digital to analog converter; ADC: analog to
digital converter; IQM: IQ-modulator; FFT: fast Fourier transform.

Having used an AWGN channel, a frequency domain equalizer commonly utilized for
a multipath fading channel is not required in the OFDM receiver. After the OFDM signal
is generated and supplied to the MPIC operating as an 1Q-modulator at the central office,
the composite signal passes through 5 km of single-mode fiber and reaches the
heterodyne mixer and the SSB, modulator. Maintaining the power of -50 dBm at the
input of the MPIC functioning as an SSB in the uplink, the received signal is detected by
OFDM demodulator. Here, the guard period is removed and the FFT of each OFDM
symbol is computed to find the original transmitted spectrum. The phase angle of each

subcarrier is then assessed and converted back to the data stream by demodulating the
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received phase. Delay compensation is applied to synchronize the received signal. In
addition to the OFDM with QPSK carriers, an OFDM system for 16QAM modulation
format is simulated. The QPSK-OFDM and 16QAM-OFDM system performance are
evaluated by measuring the EVM of the received signal at the central office for SNR
ranging from 8 to 18 dB (60 GHz modulated signal to AWGN level) using 5 km single-
mode fiber. It should be noted that the results comply with the IEEE Standard [140],
however, for deploying fiber length longer than 5 km, the SSB; input RF power needs to
be increased in order to achieve the standard EVM. As illustrated in Fig. 4.10, higher-

order modulation formats require a larger SNR to minimize the EVM.
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Fig. 4.10. Simulated EVM for the RoF system versus wireless channel SNR for OFDM signal transmission
using 5 km single-mode fiber. Solid line denotes a fit to a logarithmic function of the EVM.

4.4 Conclusion

The performance of a microwave photonic integrated circuit has been analyzed as the
main building block of an optical coherent RoF link. Results illustrate the benefits of
using the MPIC as SSB modulator at the downlink due to the fact that the lower and

upper sidebands are obtained physically in distinct ports of the circuit, facilitating the
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modulation of one output without the need of an optical filter. Simulation results also
illustrate the use of the MPIC as an IQ modulator of either a baseband or an intermediate
frequency (60 GHz) modulated signal. Simulation results of the latter, confirm the
feasibility of the circuit used as an SSB modulator with low-power input signals, relaxing
the requirements of high-power RF amplifiers to boost the 60 GHz modulating carrier
upcoming from the wireless link. The performance of the analyzed circuit has been
further assessed by simulating OFDM signals with the half-rate coding in the complete
digital coherent RoF system. Finally, EVM estimations for a 128-subcarrier OFDM

system using QPSK and 16QAM modulation formats have been presented.
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5 Chapter: Tracking channel alignment in blind polarization

demultiplexing

5.1 Introduction

Digital coherent optical receivers have enabled the practical implementation of advanced
modulation formats such as quadrature phase shift keying (QPSK) and quadrature
amplitude modulation (QAM) owing to their capability to measure the field amplitude
and phase. Advanced modulation formats together with digital signal processing (DSP)
enhanced coherent receivers is consequently an effective approach to the attainment of
high spectral efficiency in modern high-capacity fiber-optic transmission systems.
Polarization multiplexing can also be applied to further increase the spectral efficiency.
Accurate demodulation of the signal can be achieved providing the coherent receiver
tracks and compensates the drift of the relative state of polarization (SOP) and phase
between signal and local oscillator fields [142,143]. Real-time DSP algorithms have been
developed that enable the optical receiver to perform polarization de-multiplexing, carrier
phase estimation, dispersion compensation, data recovery and more [144-150].

DSP techniques for de-multiplexing data from mixed polarizations can be categorized
into two classes [151-156]. The first class comprises adaptive equalizers that require a
training sequence to be transmitted, which consumes extra bandwidth [157], in order to
adjust the equalizer weights. The second class operates blindly and comprises the
constant modulus algorithm (CMA) and independent component analysis (ICA)
[158,159]. The blind methods are preferable since they estimate the signals generated by
the sources directly from the observed mixture and, more importantly, they do not

compromise the spectral efficiency. The CMA algorithm changes its coefficients
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adaptively to minimize the fluctuation of the modulus of the separated signals. CMA has
the virtue that it is simple to implement but its performance depends on its initial state
and a step size parameter that should be accurately selected [160-162]. Moreover, CMA
suffers poor convergence when two ports attempt to output the same source. This
problem may be overcome in the special case of polarization de-multiplexing by
enforcing the weight matrix found by CMA to be unitary [163].

ICA has been widely applied to instantaneous mixtures [164-168]. In comparison to
CMA, an ICA-based method provides similar polarization tracking capability but can
outperform CMA in convergence rate [169,170]. Successful de-multiplexing of both
QPSK and 16-QAM has been demonstrated using a tensor-based ICA algorithm [171].
While a method may successfully de-multiplex a mixture of distinct sources, if the
method is blind, there is no information to decide on the particular port which should be
associated to each source. The blind methods therefore construct a recovery matrix that is
unique only up to a product of a permutation matrix and a diagonal matrix of phase
factors, i.e. there is an inherent ambiguity of which source signal emerges from a port and
its phase relative to other ports. Some papers have proposed phase and permutation
ambiguity elimination through semi-blind equalization [172,173]. For instance, the
weight matrix may be found using an objective function that combines both training and
higher order statistical information [167,174]. However, the use of training sequences
inevitably compromises the spectral efficiency.

In order to address the inherent ambiguity of blind demultiplexing algorithms such as
ICA/CMA, this chapter describes a method of maintaining the initial channel alignment

and phase in the coherent optical receiver. The proposed method aims to enhance the
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performance of the digital coherent optical receiver by setting the diversity combiner
weight matrix to a member of the equivalence class of the estimated recovery matrix that
is the nearest to the previous weight matrix. To the best of the authors’ knowledge,
tracking channel alignment by a projection method has not been previously proposed in
the context of blind source separation for the coherent optical receivers. The method is
verified by simulation of the de-multiplexing by ICA and by an experiment involving the
de-multiplexing by CMA of dual-polarization differential QPSK coherent optical sources
mixed by propagation through an optical fiber subject to random perturbations in

birefringence.

The chapter is organized as follows. The system model is explained in section 5.2. The
proposed method including the mathematics of the equivalence class projection technique
is addressed in section 5.3. Simulation results are reported in section 5.4 and
experimental results are reported in section 5.5. The performance of the method under
different conditions is discussed in section 5.6. The chapter closes with a summary and
conclusions in section 5.7.

5.2 General formulation of the system

In a polarization diverse coherent receiver [175], as shown schematically in Fig. 5.1, the
signal and reference must first be decomposed into orthogonal polarized components, for
example, representing the transverse electric (TE) and transverse magnetic (TM)
polarizations. Two 90° optical hybrids then combine the co-polarized signal and
reference components. The in-phase and quadrature signals provided by the balanced
photo-receivers at the outputs of the hybrids yield the two complex beat signal

components. The signal model can be succinctly written as:
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y=Ux Equation 5.1

where x is a complex vector with components representing the two signal sources, y a
complex vector with components representing the two observed mixed signal

components, and U is a unitary mixing matrix that satisfies:

utu =1 Equation 5.2

This signal model motivates using ICA/CMA as a method of source estimation.

5.3 Concept of Independent Component Analysis (ICA) and the constant modulus

algorithm (CMA)

Independent component analysis (ICA) is a method of blind source separation for
separating complex signals mixed by an invertible operator or matrix in the linear case.
The mixing matrix is unknown and no information on the sources is required other than
their statistical independence and no more than one source being Gaussian distributed.
The ICA method constructs a recovery matrix V that is an estimate of the inverse of the
mixing matrix, merely from the mixed signal. This may be achieved by maximizing a
contrast function that is a measure of the statistical independence of the estimated sources
[176]. Note that subject to the validity of the central limit theorem, a mixture of
independent signals generally approaches a normal distribution statistically irrespective
of the distribution of each signal. The high-order cumulants of a perfect Gaussian signal
are zero. This motivates the definition of the contrast function as the summation of the
squares of the fourth-order marginal cumulants extended to complex random variables
[177] and its application has met with considerable success [158]. In the case of
polarization de-multiplexing, the problem simplifies considerably as there are only two

sources. The recovery matrix is unitary and may be found analytically from the fourth
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order cumulants of the in-phase and quadrature signals provided by balanced photo-
receivers at the outputs of the hybrid. The Constant Modulus Algorithm (CMA) [178] is
another popular de-multiplexing scheme in two-dimensional data communication
systems. CMA estimates an unknown system using the output signal via a stochastic
gradient of the cost function with respect to the tap weights vector. Basically, the
convergence and speed of the CMA algorithm depends on the choice of the initial matrix
and the step size [160]. Nevertheless, it suffers from the convergence to the same source
problem [179] as CMA adjusts the FIR filters in both channels independently. This
problem may be overcome in the special case of polarization de-multiplexing by
enforcing the weight matrix found by CMA to be unitary [163]. In the following, the
proposed method to improve the performance of blind estimation algorithms in
polarization de-multiplexing are discussed.

5.4 Tracking channel alignment

A recovery matrix V estimated by ICA/CMA is applied to the data y to recover the

signals ¥ with minimal cross-talk:
X=Vy=VUx=x Equation 5.3
Ideally, the recovery matrix is the inverse of the mixing matrix v = Ut. However,
necessarily any blind recovery cannot uniquely assign to a particular source a unique

phase and output port. So, V is at best V = DPUT, where D is a diagonal phase factor

matrix and P is a permutation.

The channel alignment method proposed is as follows: a matrix W is introduced that is set
to the initial estimate W =V, at the beginning of the tracking interval and updated

according to the rule:
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W — P(W;V) Equation 5.4

where V is the current estimated recovery matrix and P(W;V) is a projection (i.e. an
idempotent operator) that finds the closest representative to the current weight matrix W
in the ambiguity class {DPV|D € D; P € P}} where D is the set of all diagonal phase factor
matrices and P is the set of all permutation matrices. Thus, the updated w will not follow
changes of V due to its motion within an ambiguity class but will track changes due to its
motion across ambiguity classes. To construct this projection operator, it is necessary to

give meaning to ‘closest’ by introducing an ambiguity invariant metric.
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Fig. 5. 1. Schematic diagram of a polarization diverse coherent receiver. Polarization diversity refers to the
input signal. TE (horizontal) and TM (vertical) polarization components are illustrated in green and blue,
respectively [175].

5.4.1 Ambiguity invariant metric
The blind de-multiplexer constructs a unitary recovery matrix V up to a product of a
diagonal phase factor matrix D and a permutation P. If the overall phase of V is adjusted
so that det(V) = 1 then V € SU(n). The problem of keeping track of the ambiguity may then
be cast entirely within the setting of the special unitary group in n dimension SU(n).

Two matrices A4, B € SU(n) are related A~B by this ambiguity if there exists a D€ D c

SU(n) and P € P c SU(n) such that A= DPB where D is the sub-group of all diagonal
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special unitary matrices with uni-modular elements, and P is the real sub-group of all
permutations. It follows from the fact that the result of conjugation of an element of D by
an element of P is an element of D that this relation is an equivalence relation. This
equivalence relation partitions the special unitary group into a collection of equivalence
classes. Each equivalence class may be represented by any one of its members. It is
therefore useful to define a metric that measures the distance between any pair of
equivalence classes. Or, equivalently, a metric p which measures the distance between

two representative matrices 4 and B that is invariant to the ambiguity:

p(DlplA’ szzB) = p(A, B) A4 DI'DZ €D N Pl' Pz eEP Equatl()n 5.5
Consider the Frobenius inner product of two matrices 4, B € C™":

(A,B) = %TT‘(ABT) = %Zj,,(:l‘n ajicbjy Equation 5.6

The induced norm ||4]| =/(4,4) defines a metric p, that measures the squared distance
between two matrices:

pr(A,B) = ||A - B|* Equation 5.7
Accordingly, a metric p,, invariant to the action of elements of D may be defined by:

pp = minpep pr(A4, DB) Equation 5.8
Every element D € D may be parameterized by:

D= diag{exp(iHj)} Equation 5.9

The set of angles 9 = {§;| X;6; = 0} forms a co-ordinate system on D which thereby has
the structure of a n-dimensional torus (i.e. the Cartesian product of n circles). Let a,,, b,,

denote the mth row of 4, B respectively. Then:

pr(A,D(W)B) = (A—D()B,A—D()B) = Y n-1n(am — enb,, a,, — e®nb,,,) Equation 4.10
Expanding the right hand side and substituting (a,,, by) = |(am, by)| exp{i arg[(am, bym)1}
yields:

pr(A,D(9)B) = (A, A) + (B, B) — 2%;-11|(a;, by)| cos (6; — arg((@m, b)) Equation 5.11

This expression is minimized by the choice 6,, = arg[(a,, b,)] or, equivalently D =
diag{ (am bm) } So:

[(@m,bm)|
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pp(A,B) = (A,A) + (B, B) — 2 Y10l (@, by Equation 5.12

Following a similar prescription, a metric p invariant to the action of both elements of D
and 7 may be defined by:

p(A, B) = minpep pp (A4, PB). Equation 5.13

Regrettably, the permutations form a discrete subgroup of SU(n) and there is no
alternative but to evaluate the right hand side for every possible permutation. Fortunately
for the case at hand of two dimensions only the identity and the exchange permutations
need to be considered.

5.4.2 Projection onto the nearest equivalent of a representative of the equivalence
class

A closely related problem is: given a target matrix A and a representative matrix B of the

equivalence class B = {QB| Q = DP € 9} find the element B, € B nearest to A. That is:
B, = arg{miny, pr (4,QB)}B Equation 5.14

Since P is discrete, it is necessary to first find D(P) = arg{minp¢p, pr(4, DPB)} for every

P € P and then perform the search:

P, = arg{minpcy pr(4,D(P)PB)} Equation 5.15
and finally set:
B, = D(P,)P.B Equation 5.16

From the preceding section p,(A4,C) =(4,A)+ (B,B) —2Y —1al(amcn)l and D(P) =

diag {M} where c,, 1s the mth row of ¢ = PB. Hence,

[(am.cm)l
P. = arg{maxpep[Em=1.2l(@m c)l]} Equation 5.17

The assignment:
P(4;B) = D(P,)P.B Equation 5.18
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projects matrix B to the nearest member of its equivalence class to a target matrix
A.projection is nonlinear due to the implicit dependence of P, on both 4 and B.

The distance has been measured using a metric appropriate to the ‘flat’ space c*".
However, 4, B belong to SU(n) which is a curved space. The distance between two points
on the group manifold is then be better defined in terms of the length of the geodesic that
joins them [127,180]. In the application herein the chord distance serves equally well.
5.4.3 Special case of SU(2)

In the case of polarization de-multiplexing, there are only two sources. The lower
dimensional setting of SU(2) simplifies the visualisation of the ambiguity tracking
algorithm which aids intuition. Let {5, € C>*?|q = 1,2,3,4} be a basis that is orthonormal

with respect to the Frobenius inner product:

(aq,ak) =64k Equation 5.19
where 8, is the Kronecker delta. Denoting j as the complex number v—1, it is convenient
to choose the Pauli spin matrices:

a_[1o o = [0 1
"~ 1o 1 711 o0

0, = [? Bl] 03 = [(1) _01]

Since every member of SU(2) is of the form of U = [_‘Z* f] and |a|? + |b|? = 1, then:

Equation 5.20

U= Coao +j(,'10'1 +j620-2 +jC30-3 Equanol’l 5.21
where the co-ordinates ¢, are real and satisfy ¥, ,c5 = 1 evincing the homeomorphism

between the SU(2) manifold and $3. Consider the path on SU(2) defined by:

U(t) = exp(jtH) B

tel0,1 Equation 5.22
H = —jIn(AB") [0,1] quation
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where H € su(2) the Lie algebra of traceless Hermitian matrices in two dimensions. By
construction U(0) = B, and U(1) = A, and the tangent vector at every point on the path is

the constant matrix H. Exceptionally, for SU(2) one may write:

exp(jH) = cos(h) g, +jsin(h)%H

Equation 5.23
h = —det(H)

and hence the geodesic distance on SU(2) between any two elements 4, B may be taken as:
pe(A,B) = h = —det(H) = det(In(BA")) Equation 5.24
Note that h has an ambiguity corresponding to the addition of a multiple of 2rm

corresponding to multiple cycles in either direction around the geodesic. The squared

Frobenius distance is:

pr(A,B) = [2 sin G h)]z Equation 5.25
which may therefore be identified as the chord length corresponding to the arc length h as
illustrated in Fig. 5.2. (a). The Frobenius metric is therefore an adequate measure of

‘closeness’ on SU(2) and moreover resolves the ambiguity of the geodesic measure.

In the two dimensional case there are only two permutations:

_ (%o 1 2
P = {01 Equation 5.26

and for SU(2) recovery matrices the relative phase ambiguity is a continuous one

parameter sub-group:

exp(jO) 0
0 exp(—j6) Equation 5.27
= cos(6) g, + j sin(0) o5

D(6) =

Hence, the ambiguity is described by two disjoint continuous one-parameter sub-
groups:
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a,(0) = cos(0) o, + jsin(0) o5
0,1(¢) = cos(¢) o, +sin(y) o,

Equation 5.28
As the parameters @ and ¢ are varied, o, and o, trace out two orthogonal non-
intersecting geodesics I & II on the SU(2) manifold as illustrated schematically in Fig.
5.2(b). The projection of matrix W to the nearest member W, of its equivalence class to a
target matrix V is visualized in Fig. 5.2(c) as the problem of finding B = W.WT the nearer
of the nearest element of geodesic I or Il to A = vwt. It is clear that the tangent vector to

the geodesic through 4 and B must be orthogonal to the tangent vector to geodesic I or 11

at B.

(a) (A
S| -—
3 h : 2

1

(©)

o, (4;9) = COs (go)o'i +sin (Q?)O':

o, (9) =cos(6')ao +af'sin(|5’)o'3

Figure 5.2. (a) Chord length corresponding to the arc length, (b) two orthogonal non-intersecting geodesics
o and ay; on the manifold, (c) tangent vectors orthogonal to the geodesic I or II.

78



5.4.4 Complexity of the algorithm

The channel alignment algorithm involves: multiplications and additions associated with
the Frobenius inner product and matrix multiples — these are of complexity at most N2,
and an exhaustive search through N! eligible permutations. The latter limits the algorithm
to modest values of N for which it is feasible to parallelize the search and matrix
multiplies thereby achieving O(1) computation time. Fortunately for SOP tracking N = 2
which is small. As far as the authors are aware there is no comparable ‘conventional’
technique — channel alignment is conventionally corrected at higher levels in the
communications protocol stack via header inspection and mechanisms for the discard of
corrupted packets and packet retransmission. The algorithm described in the chapter
substantially reduces the burden on these mechanisms and hence the latency / jitter they
otherwise contribute. However, while the permutation alignment method intends to
preserve continuity in the order of extracted sources, the initial order can be any
permutation of the sources amongst the output ports. It is therefore necessary that the
sources can be identified and correctly sorted. This must occur at a higher level in the
protocol stack via a packet inspection to identify the source (e.g. the source address in a
data link frame (Ethernet MAC address) and/or IP source address and/or TCP port etc.)
5.5 Simulation results and discussion

First, this tracking method is evaluated by simulation. N samples of two independent
DQPSK signals with pseudo-random binary real and imaginary parts are generated to
represent the initial orthogonally polarized signals. The DQPSK modulation format is
used to overcome the ambiguity due to the unknown orientation of the constellation.

These are then mixed using a Jones matrix U that changes during the course of the
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simulation. Random environmentally induced perturbations of a fiber cause the Jones
matrix to follow, as function of propagation distance, a Brownian motion [181-183] on
the SU(2) manifold. The state of polarization of the light exiting a sufficient length of
fiber in an ensemble will be uniformly distributed over the Poincaré sphere and
uncorrelated with the initial state of polarization. Over a sufficient length of time similar
behavior may be expected in time of the exit state of polarization of a single strand of
fiber. Accordingly, in the simulation, random vectors in R* with normally-distributed
independent zero-mean unit-variance elements are generated to construct, via the Pauli
matrix basis for the Lie algebra su(2) of two-dimensional traceless Hermitian matrices, a
tangent vector to the Lie group SU(2). This tangent vector is used to generate a short path
segment on SU(2) via the exponential map with parameter §t that links the previous Jones
matrix to the next Jones matrix thereby generating N samples of a discrete approximation
to Brownian motion on SU(2).

The record length is limited to N = 10° in consideration of computing resources. To
ensure the state of polarization follows a path that covers a good proportion of the
Poincaré sphere over the record, a step parameter §¢t = 0.01 is used. Visualizations of the
Brownian motion of the state of polarization on the Poincaré sphere are shown in Figs.
5.3(a)-5.3(d). For a bit rate of 100 Gbit/s, the number of samples N corresponds to a
record length of 1 us over which time in most applications the state of polarization would
be essentially static. The simulated polarization drift is therefore an aggressive test of the

robustness of the algorithm.
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Fig. 5.3. Evolution of simulated states of polarization (SOP) on the Poincaré sphere for
(a) 100, (b) 1000, (c) 10000, and (d) 100000 samples

White Gaussian noise is added to the mixed signals to simulate the two components,
TE & TM, of polarization detected at the receiver. The signal power to total noise power
ratio is set to 14.77 dB for each channels. The ICA code, which searches for a recovery
matrix V, for separating 2 sources in presence of unknown noise [184], is then applied to
obtain the recovery matrix from a moving window of TE and TM signal samples. These
data are used internally to the ICA code to estimate the higher order statistics. The choice
of window length is a compromise. The window used must be short enough that the
signal is essentially stationary and the estimates are not rendered inaccurate due to
changes in polarization state within the window. Yet the window should be long enough

that the estimates have small variance. The fluctuations of the state of polarizations in the
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simulation are aggressive, and an optimum window length was found to be 100 samples.
In most applications the changes in polarization state are much more benign and larger
windows of uncritical length may be used. The ICA module is then followed by the
ambiguity tracking method as described in the preceding.

In Figs. 5.4(a) and 5.4(b), the output signal power of the TE and TM channels at the
receiver before polarization de-multiplexing are shown and illustrate the fading that is
caused by the fluctuating polarization state. Figs 5.4(c) and 5.4(d) show the polarization
de-multiplexed signal power after the diversity combiner with and without the channel
alignment algorithm and illustrate that the deep fading is successfully eliminated and, as
expected, the algorithm is insensitive to additive white Gaussian noise. Errors in the
recovery matrix due to the variance in the estimates of the high order signal statistics are
responsible for the fluctuations in the combined signal power. The tracking algorithm can

be seen to reduce somewhat the larger deviations in the combined power fluctuation.
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Fig. 5.4. Signal power of (a) channel 1 and (b) channel 2 before diversity combining. Combined signal power
after applying ICA algorithm with and without proposed projection method are shown in gray and red
respectively in (c¢) and (d).

To appreciate the major benefit of the tracking algorithm, the alignment of the de-
multiplexed channels is detected by comparing the recovery matrix to the known mixing
matrix by evaluating the invariant metric p, (W, aU) to determine if it is minimized by the
choice o = g, (orientation +1) or ¢ = o, (orientation -1). Figure. 5.5 demonstrates that
frequent changes in channel alignment are eliminated with the application of the

proposed method and perfect alignment tracking is achieved.
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Fig. 5.5. Channel alignment using ICA method before and after applying the proposed
projection algorithm are shown in red and blue respectively.

The signal can be demodulated as perfect channel alignment is established. Carrier
phase tracking is necessary to demodulate QPSK but it is not necessary to demodulate
DQPSK. Nevertheless it is applied in the simulation in order to visualize a static
constellation and is carried out for each channel by applying the Viterbi and Viterbi phase

estimation algorithm [185,186] to each output signal s, from the diversity combiner:
S=sexp [—jiarg (54)] Equation 5.29

This is followed by the decision on the demodulated symbol. Error free data recovery
for the DQPSK modulation format is achieved. The constellations are shown in Figs. 5.6

(a) and 5.6(b) for channel 1 and channel 2.
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Fig. 5.6.Constellation of the demodulated signal using ICA algorithm with proposed projection method for
(a) channel 1 and (b) channel 2 for SNR of 14.77 dB.

5.6 Experimental results

To test the proposed tracking channel alignment algorithm, a 40 Gb/s dual-polarization
multiplexed communication system has been setup. The data are transmitted on two
orthogonal polarizations of a standard single-mode fiber (SMF) simultaneously, using
two independent pseudo-random binary sequences (PRBS). Two independent QPSK
signals generated by two independent 27 — 1 PRBS patterns with a symbol rate of 10 GBd
are transmitted, where the signals are amplified, filtered and coherently detected using a
commercial optical modulation analyser (OMA, Agilent N4391A). The experimental
setup for data transmission and coherent detection are depicted in Fig. 5.7. The internal
local oscillator (LO) laser is used in the OMA for best long term test results. For each
point on the in-phase and quadrature (IQ) trace to represent a single symbol, the digital
demodulator has been setup for 1 point/symbol. As a quantitative measure of the signal
quality, the error vector magnitude (EVM), which defines how far a received symbol is
from its desired position in the constellation diagram, is employed. As the OMA software

can also perform a BER measurement, performing a BER measurement on the OMA,
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allows us to verify that the known generated pattern is being properly detected by the
OMA. The reference pattern has been defined to check that the Optical OMA software
accurately recognizes the input pattern. Once the pattern is defined and the BER
measurement activated, the low-error measurement that recognizes the transmitted
pattern is obtained. Measuring the signal directly at the output of the transmitter verifies
the coherent receiver performance. The coherent receiver detects four electrical signals
named I, Qy, Iy, and Qy which are the in-phase and quadrature components of the two

polarization components of the electrical field as shown in Fig.5.8.
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Fig. 5.7. Experimental setup for testing the tracking channel alignment algorithm. (DFB — distributed
feedback laser, AWG — arbitrary waveform generator, A— amplifier, IQM — in-phase quadrature modulator,
PBS — polarization beam splitter, PC— polarization controller, SMF— Single Mode Fiber, LO — local
oscillator, OMA— optical modulation analyzer, DSP — digital signal processing).
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Fig. 5.8. Principle of signal flow of the N4391A

Through offline DSP, the CMA algorithm is used for generating the polarization de-
multiplexed data which are then input to the module for testing the proposed channel
alignment algorithm. In order to test the proposed algorithm, in addition to the back-to-
back configuration, the signal is transmitted over a span of 5 km single mode fiber
(SMF). Figure. 5.9 presents the different stages of DSP applied to the detected signal. For
a QPSK signal, to obtain acceptable equalization through CMA algorithm the symbols
should all lie on a ring. Applying the channel alignment method which is described in the
preceding, yields in perfect channel alignment with attainment of low-error recovered
constellation diagrams for both polarizations. The results show that the proposed
algorithm is able to decrease the error vector magnitude (EVM) in recovery of
constellation by 5% for channel 1 and 10% for channel 2 in the B2B scheme. Using a 5
km SMF, 16% and 18% reduction in EVM are obtained in demodulating constellation of

channel 1 and channel 2 respectively using the proposed algorithm.
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Fig. 5.9. Constellation of the demodulated signal using CMA algorithm for (a) polarization X , (b)
polarization Y. (e) and (f) are the counterparts of (a) and (b) using CMA-modified algorithm. Constellation
of the demodulated signal after carrier phase estimation of polarization de-multiplexed signals using CMA

for (c) polarization X and (d) polarization Y. (g) and (h) are the counterparts of (c) and (d) after carrier
phase estimation of de-multiplexed signals using modified CMA. Projection method shows improvement in
recovery of the constellation diagram of the received signals for both channels. The SNR of channel 1 and
channel 2 are measured as 12.6 dB and 10.8 dB respectively.
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5.7 Discussion

This manuscript presents a proposed modification of the ICA/CMA algorithm for
equalizers that overcomes ambiguities in the output state, in order to provide accurate
polarization demultiplexing. Polarization dependent loss (PDL) and polarization
dependent gain (PDG) are an issue only for the demultiplexing algorithm, if that
algorithm succeeds, the algorithm described in the chapter will successfully track the
channel alignment. The effect of PDL/PDG encountered in practice is negligible for I[CA
as it demultiplexes mixed signals on the basis of their independence and not according to
their strength. CMA requires that the demultiplexed signals have constant modulus and
may be more sensitive to PDL/PDG. It is however the most favorite commonly deployed
algorithm. Rather large PDL was introduced in our experiments by the use of 90:10
splitters. The SOP evolution in our simulations is far more aggressive than encountered in
practice. If an algorithm works in the presence of aggressive perturbations, for sure, it
will work in a benign reality. The performance of the projection algorithm does not
change with OSNR. But the constellation diagram of the recovered signal will be affected
by the OSNR. To present an error free constellation diagram the SNR 1is set to 14.77 dB.
For SNR of 12 dB and even lower, there was absolutely no effect on the performance of
projection algorithm except the error in the recovered constellation.

The SU(2) mixing matrix is parameterized by three angles which may vary in practice at speeds
of the order 10 krad/s The simulations employ one sample per symbol, if the bit rate is 25
Gbits/sec then each sample occurs every 40 ps. Hence, the polarization variation speed
corresponds to 0.4x10° radians per sample. Over 10,000 samples the accumulated
polarization parameter change will be less than 0.004 radians — i.e. an essentially static

SOP over the record. Even increasing the suggested rate by two orders of magnitude
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leads to a lower variation of SOP than employed in the simulations. Therefore the
variation of SOP in the simulation is far more aggressive than benign reality.

5.8 Conclusion

Due to the random birefringence of optical fiber, two input polarizations will be mixed at
the receiver. To successfully recover the transmitted data, polarization de-multiplexing is
necessary. In digital coherent optical receivers at the diversity combiner, any blind de-
multiplexing method enables the system to recover input polarizations up to an inherent
permutation ambiguity. The elimination of this drawback is possible through the
projection onto the equivalent class method presented in this chapter. This technique
enables accurate tracking of polarization channel alignment in dual polarized coherent
optical transmission systems. Perfect maintenance of channel alignment and accurate
recovery of the constellations is attained even with changes in SOP far more aggressive
than is expected in practice. Experimental results show a great improvement in channel

alignment using the proposed algorithm.
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6 Chapter: Conclusions

6.1 Summary

The model of the channel is fundamental for understanding phase and polarization drift,
chromatic dispersion, polarization mode dispersion and other drawbacks of the fiber optic
systems in order for the signal processing algorithm to compensate these effects.
Generally, signal processing is concerned with an inverse problem — from a set of noisy
measurements inferring the source that gave rise to the measurements. The solution of an
inverse problem requires an understanding of the direct problem-given a source what
would be measured - and a priori knowledge that enables the class of all possible sources
and noise processes to be restricted, e.g. to the most probable. Therefore, in chapter 2, the
evaluation of the optical channel model that accurately describes the single mode fiber as
a coherent transmission medium is reviewed through analytical, numerical and
experimental analysis. We used the numerical modeling of the optical transmission
medium and experimental measurements to determine the polarization drift as a function
of time for a fixed length of fiber. The probability distribution of the birefringence vector
was derived, which is associated to the “Poole” equation. The theory and experimental
evidence that has been disclosed in the literature in the context of polarization mode
dispersion — Stokes & Jones formulations and solutions for key statistics by integration of
stochastic differential equations has been investigated. Besides in-depth definition of the
single-mode fiber-optic channel, we reported a few alternative models and discussed their
suitability for system design and performance evaluation. The modeling which concerns
an ensemble of fibers each with a different instance of environmental perturbation has

been analyzed. In chapter 3 an improved coherent optical receiver architecture that
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compensates for a random drift in the state of polarization (SOP) of both the signal and
the local oscillator (LO) is presented for the first time. The proposed architecture
comprises two conventional coherent optical receiver front-ends in tandem, where the
SOP of the LO is first divided into its two orthogonal components and then distributed to
each coherent optical receiver front-end module. Two distinct methods of polarization
diversity recovery of the modulation based on the MRC technique and an eigenvalue—
eigenvector decomposition of the covariance matrix have been used to effectively recover
the transmitted signal. The concept is validated by numerical simulations, where a
differential quadrature phase-shift keyed (DQPSK) modulated signal with a random time-
varying SOP is first generated. After its mixing with a LO also possessing a random time-
varying SOP, the algorithms that have been developed are provided with eight input
variables to be digitally processed. The constellation diagrams corresponding to the
recovered DQPSK modulation obtained using the two polarization diversity methods are
presented.

In order to design, analyze and evaluate new architectures for the digital coherent
receiver within the RF-Cité, chapter 4 presents a digital coherent radio-over-fiber (RoF)
system comprising a microwave photonic integrated circuit (MPIC) as the main building
block is proposed. The multi-function MPIC circuit is analyzed to operate as a single-
sideband (SSB) modulator and as an in-phase and quadrature modulator (IQM) of a
baseband signal in the RoF downlink. The circuit is also analyzed in the uplink as an SSB
of a 60 GHz frequency-shifted input. The performance of the MPIC is assessed through
numerical simulations, computing the harmonic distortions in the SSB, as well as the

error vector magnitude in the IQM and coherent RoF system. Obtained results illustrate
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the advantage of the proposed MPIC for heterodyne mixing by providing the upper and
lower sidebands spatially located in distinct ports. Moreover, simulation results yield
insights into the feasibility of the circuit as an IQM of both baseband and low-power
intermediate frequency signals. A comparison of an OFDM system and a single carrier
system employing the proposed circuit in the end-to-end transport of high data rate is

presented through error vector magnitude calculations.

In chapter 5, blind de-multiplexing methods such as the constant modulus algorithm
(CMA) or independent component analysis (ICA) are found to be an effective means of
de-multiplexing dual polarization modulated optical signals mixed by the evolution of
the polarization state on propagation through the transmission medium. However, the
recovery matrix estimated by these methods has an inherent permutation ambiguity in
the assignment of polarization channels to ports. As a consequence, frequent instances of
channel alignment permutation can occur resulting in loss of data during system
recovery. This chapter describes a method of maintaining the initial alignment by setting
the diversity combiner weight matrix to a member of the equivalence class of the
estimated recovery matrix that is the nearest to the previous weight matrix. The method
is verified by computer simulation of de-multiplexing by ICA of dual polarization
differential quadrature phase shift keyed coherent optical transmission subject to
aggressive changes in polarization state as well as experimental investigation of de-
multiplexed QPSK modulation by CMA. Perfect maintenance of channel alignment and

accurate recovery of the constellations is achieved.
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6.2 Future work

The methods and approaches discussed in this thesis have proved encouraging for future

work. Some possible directions of where the continuation of this research might involve

are as follows:

1.

The results obtained in chapter 2 for the single mode fiber can be simply
generalized to the multimode case. In the multimode case, the relevant group
becomes SU(2n). The algebra is su(2n) for which the Gell-Mann matrices form a
basis.

The channel alignment algorithm which is presented in chapter 5 can be
generalized to the symmetric coherent optical receiver proposed in chapter 3
Hence, having both reference and signal SOP unknown and drifting, the
symmetric coherent optical receiver can be extended to de-multiplex three sources
over a four-mode coherent channel (two spatial modes —‘reference’ & ‘signal’ —
each supporting two polarization modes).

For on-chip architecture that is proposed in chapter 4, the monitoring methods for
fine adjustment of the chip can be investigated for frequency multiplication and
translation of harmonics by design. Digital signal processing (DSP) algorithms
can be utilized to create an optimized microwave photonic integrated circuit
(MPIC) functionality toward automated frequency multiplication. These DSP
algorithms can be formed on Discrete Fourier Transform (DFT) and optimization
based algorithms (Greedy and gradient-based algorithms), which may be
analytically derived and numerically compared based on the accuracy and speed

of convergence criteria. Also, the utilization of a microwave photonic integrated
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circuit (MPIC) as the core building block of the optical coherent RoF link both in
downlink and uplink, combined with digital signal processing (DSP) may be lead
to a new RoF scheme which demonstrated the feasibility to operate at the lower
input RF power for longer length of fiber. Additionally, transmission capacity of
the proposed RoF architecture may be improved by spatial multiplexing through
multi-input and multi-output (MIMO) technologies and polarization multiplexing
which offers the seamless conversion of 2 x 2 MIMO transmissions in the fiber

section and the wireless section.
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