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ABSTRACT
To satisfy the ever-increasing demands for high speed networks, the spatial dimension is
exploited to increase the capacity of the communication systems. Optical waves with
spatial orthogonality can serve as independent transmission channels after they are
multiplexed together, and this technique is called as spatial division multiplexing (SDM).
SDM can be realized in both fiber and free space optical channels. Spatial modes can
consist of: multiple parallel beams in a multicore fiber, different orders of the fiber’s
eigenmodes in a multimode fiber, and orthogonal modes, such as Laguerre Gaussian
modes. Although SDM is a very promising option to achieve a large capacity network,
however there are still many problems to be solved before it can be implemented in real
applications. In this dissertation, SDM is investigated from the transmission level to the
network level perspective.
In the first part of this dissertation, we have verified a strong correlation between the
crosstalk intensity and the statistical characterization of the signal in optical fibers and
developed a novel method for monitoring in-service channel crosstalk. Also, as for the
application in the free space optical channels (FSO), by adopting the Kolmogorov model
of turbulence we established and experimentally verified a relationship between the
wavefront error variance and the phase structure function that can be directly applied
to estimate the atmospheric coherence diameter and the refraction-index structure
constant.
The second part of the dissertation focuses on SDM employment in two relevant
topologies of optical networks (i.e. metro/core segment and a comprehensive
architecture that consists of core/metro and access network segments). We investigated
and proposed an optimized design and assignment strategy for the resource allocation
in multidimensional networking structure with plurality of spectral and spatial
components that also includes a dynamic interaction between spectral and spatial
modes.
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CHAPTER 1
INTRODUCTION

From the advent of communications, we have never slowed down our demands for
higher and higher speed. After wavelength division multiplexing (WDM) became
ubiquitous in today’s fiber-based backbone and metro network, it seems that we are
approaching a capacity limit of current immense communication network. The industry
is squeezing the capacity remains in this system by increasing the spectrum efficiency,
such as utilizing advanced modulation formats, flexible spectrum grids, etc. However,
because of the inevitable nonlinear effects in medium, we have a theoretical upper
bound for spectrum efficiency [2], which points out that our steps to faster network will
be stopped sooner or later.
However, our daily experience tells us that the countless emerging technologies are
profoundly changing our life, and pushing us into a virtual world supported by the
internet. The global connection makes our world smaller, and makes our life experience
unprecedented. New concepts are hovering around, such as internet of things (IoT),
virtual/augmented reality (VR/AR), artificial intelligence (AI), data mining etc. And we
can anticipate that these techniques will be eventually incorporated into our network.
We want to embrace these novel changes in our life, but it is rather challenging to
support them with our present networks.
Various solutions are proposed for the predictable ‘capacity crunch’, and spatial
division multiplexing (SDM) is the most promising one. SDM is based on a rather
intuitive idea: if we can transmit multiple independent signals through one single
conventional channel, the channel capacity will be greatly increased. To realize this idea,
various methods are developed for both fiber and free space communication [3]. Optical
fibers as the major long-distance transmission medium play a crucial role in today’s
14

communication network. So, in order to increase the network capacity, it is natural for
us to think of ways to upgrade current fiber-based infrastructure, rather than designing
brand new systems. At present, the main stream to apply SDM is based on two types of
novel fibers: multicore fibers (MCF) and multimode fibers (MMF).
A multicore fiber is a single fiber with several cores sharing the same cladding; the
number of cores and the pitch between each core may vary for different designs. The
function of MCF is very similar to a bundle of conventional single mode fibers (SMF).
And there are always some doubts about the necessity of applying MCF if we can simply
use several SMF. From our perspective, the advantages of N-core MCF over a bundle of
N SMFs stand out from two aspects. First, the spectral efficiency over a unit area is
much larger for a N-core MCF. Typically, the total cross-sectional area of a N-core MCF is
smaller than the total area of N SMFs. With specially designed refractive index profile,
such as trench-assisted structure, the cores can be much closer than those in a regular
MCF while keeping the crosstalk (XT) extremely low. In this case, we can make the
diameter of MCF even smaller. At initial stage, we can use several regular SMFs and do
not need to worry about their size. But eventually, when we have tens or hundreds of
copies of today’s transmission lines, the size will become a critical problem. Second, the
capital expense of a network based on MCFs may be potentially much lower than one
based on independent SMFs. For example, novel amplifiers are invented so that one
amplifier can amplify multiple transmission lines in MCF simultaneously [4]. Obviously, it
is more efficient than amplifying each SMF separately. Similarly, we can have fewer but
more integrated devices for network operations, such as multi-dimensional switches or
routers [5], as compared with current wavelength switches. Once they are put into mass
production, the compact and integrated equipment may lead to a lower cost.
As for multimode fibers (MMF), it is well known that the fields in fibers can be
composed by orthogonal base modes. Each base mode can serve as an independent
channel, while having large overlapping with other modes in space. With a slight
increase of the fiber core, the number of the modes supported by it will dramatically
increase. Although MMF has extremely high efficiency of spatial multiplexing, it is rather
15

difficult to manipulate these modes. For example, we need to generate each mode
separately before encoding signals on it and then multiplex them into one single beam;
after transmission, those modes must be demultiplexed to be decoded. Also, the signals
in the original base set will be mixed together in the channel, which force us to recover
them with signal processing methods. Each of these steps will require complex optical
and electrical systems, while the complexity grows rapidly as the number of modes
increases. At current stage, the MMF we study for SDM can only support several modes.
These fibers are also called as few-mode fibers (FMF). Although there are a number of
problems to be solved for the FMF-based SDM system, it has an enormous potential to
provide high throughput to our optical network.
The multi-spatial scheme is also used in free space optical (FSO) communications.
Orbital angular momentum (OAM) modes are usually utilized as the spatial channels [6].
Each mode has a unique vortex wavefront, which makes them orthogonal in space. The
study of FSO is quite different from that of fibers. The atmosphere is generally regarded
as a random medium, which will make the amplitude and phase of the optical waves
fluctuate. Regarding the SDM in FSO communication, OAM modes are also influenced by
the turbulent atmosphere, and the methods to mitigate the impacts are very
challenging topics.
As we know, an isolated communication system is rarer than its in-network
alternative. Namely, individual transmission lines are eventually combined into a
network, whose architecture can also be based on the deployment of SDM. Links with
multiple spatial channels will certainly provide higher throughput, and they also add
flexibility to our network plan. With more options of paths at switches, which can
support the same wavelengths, spatial channels also serve as network tools enabling a
more dynamic optical networking. Based on the conventional resource allocation
problem, such as planning routes and wavelengths, the novel network structure with
SDM needs to be investigated, which can give us a better overall picture about, for
example, which part of the system is the bottleneck for data services.
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1.1 Dissertation Outline
Following this introduction, this dissertation is divided into two parts, discussing the
application of SDM in transmission and optical networks, respectively.
Chapter 2 discusses the topics related to the application of spatial modes in optical
transmission systems. In section 2.1, the background of SDM is introduced with a
summary of the relevant spatial modes including generation of spatial modes and their
use in connection with multiple-input-multiple-output (MIMO) technique. Section 2.2
presents results of our investigation with a novel method to monitor the crosstalk
between spatial channels, which is based on the statistical behavior of the modulated
optical waves. Next, in Section 2.3, the investigation results with respect to SDM
employment in FSO systems are presented with a novel method for estimation of the
atmosphere coherent diameter, which is essential for evaluation of the turbulence
strength and suppression of the air turbulence impact.
Chapter 3 investigates the spatial division on the network level. In section 3.1, the
background of the optical network is discussed, while the hierarchical structure and new
bandwidth allocation methods are introduced. Section 3.2 presents the optimized
solution of an impairments-aware resource allocation problem with respect to a
core/metro elastic SDM-based network scenario. Finally, in Section 3.3 we discuss an
extended metro/access optical network with plurality of spectral and spatial modes, and
present algorithms for an effective utilization and spectral efficiency in specified
network architecture.
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CHAPTER 2
SPATIAL MODES IN A TRANSMISSION SYSTEM

2.1 Background
In this section, I will explain the basic concepts of spatially multiplexed channels
employed in transmission level (transmission line), which also includes generation and
implementation of the spatial modes, and the structure of a typical communication
system utilizing spatial channels.

2.1.1 Spatial Modes
In classic theory of electromagnetic waves, we have the following expression for a
general electric field
𝐸⃗ (𝑟⃗, 𝑡) = 𝐴(𝑟⃗, 𝑡) ∙ 𝑛⃗ ∙ 𝑐𝑜𝑠 𝑘⃗ ∙ 𝑟⃗ − 𝜔𝑡 + 𝜙(𝑡)

(2.1)

Where 𝐴(𝑟⃗, 𝑡) is the amplitude distribution in space, 𝑛⃗ is the unit vector for the
polarization, 𝑘⃗ is the propagation vector, 𝜔 is the angular frequency, 𝜙 is the phase. And
any light beam can be decomposed into the integral of this basic component.
In terms of communication, if we can imprint information onto any of these
parameters and recover the message at a different location, accordingly, this optical
structure can act as a communication system. For a primitive optical communication
system, we can turn the light “ON” to represent 1 bits, and turn it “OFF” to represent 0
bits. In this case, the information is conveyed by the change of intensity of the light.
Similarly, we can use two lights with different colors. For an illustration sake, the green
light can represent 1, and red one can represent 0. In this case, the information is
imprinted in the wavelength. The list easily goes on with more complex alternatives that
include manipulations with polarizations, directions, phase etc. However, it still occurs
18

that the light beam is not fully used as a carrier for signals transmission. If we combine
them together, the information conveyed in one beam in a unit time can be increased
multiple times.
For today’s commercial optical communication system, the techniques utilizing the
parameters of frequency, amplitude, phase, polarization, and time are quite mature.
Time division multiplexing (TDM), wavelength division multiplexing (WDM), polarization
multiplexing (PM), and quadrature amplitude modulation (QAM) with combined
amplitude-phase modulation are the typical ways to explore the different dimensions of
electric field. We can also see from the Eqn (2.1), that spatial dimension 𝐴(𝑟⃗) is the
parameter left to be exploited.
Manipulation of the lightwave parameters requires sophisticated methods.
Conceptually speaking, we need to isolate or generate the parameter of interest in the
E-field, modulate it with signals, and finally recover the information after transmission.
In terms of signal multiplexing per specific dimension, there is orthogonality criterion
that defines our ability to recover the signal. As we know, the orthogonality of two real
functions is defined by mathematical equation
𝑓 (𝑥)𝑓 (𝑥)𝑑𝑥 = 𝛿

(2.2)

Accordingly, the orthogonality between two electromagnetic fields are defined as,
∫

𝐸⃗ , (𝑟⃗) × 𝐻⃗ , (𝑟⃗) ∙ 𝑒⃗ 𝑑𝑟⃗ = 𝛿 .
Let us take wavelength division multiplexing (WDM) as an example of the

orthogonality impact. Suppose that we have two signals with all parameters equal
except their central frequencies/wavelengths, if their spectrums are overlapping and we
cannot clearly separate them, the transmission quality will be greatly degraded. So, their
orthogonality should be guaranteed for eventual separation. Commonly, there are two
ways to ensure their orthogonality. First method is to make the central wavelengths far
apart, thus making them quite independent. Using wavelength filters or arrayed
waveguide grating (AWG), different frequency components can be separated. Second,
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we can modulate the signals with a special format, such as orthogonal frequency
division multiplexing (OFDM), which also guarantees their orthogonality [1].

Fig 2. 1 a multicore fiber with 7 cores. The 7 independent cores/modes can serve as
spatial channels

Similarly, to exploit spatial dimension and implement spatially multiplexed signals,
orthogonality is also the first requirement to be satisfied. Like WDM, there are two ways
to realize SDM. First, in the straightforward approach, we can use several parallel
independent beams as spatial channels, as shown in Fig 2. 1. As long as they do not have
spatial overlapping at the receiving side, the orthogonality is satisfied. Second, to
generate sophisticated amplitude distribution in space 𝐴(𝑟⃗), and ensure the integral of
two spatial distribution modes 𝐴 (𝑟⃗) and 𝐴 (𝑟⃗) is zero.
There are several theoretical models we apply directly when considering generating
and multiplexing of spatial modes. Linearly polarized (LP) modes (the eigenmodes of a
step-index fiber), Hermite Gaussian (HG) mode, Laguerre Gaussian (LG) mode, and the
orbital angular momentum (OAM) modes, which all satisfy orthogonality criterion. We
should also mention that the modes in the waveguide structure have such property that
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they do not change their shape during propagation, which qualifies them to be spatial
channels.

Fig 2. 2: Spatial modes illustration: amplitudes of (a) Hermite Gaussian (HG), (b)
Laguerre Gaussian (LG), (c) Linearly Polarized (LP), and phases of (d) Orbital Angular
Momentum (OAM) modes
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To realize spatial modes in optical fibers, we have several options. One of them is to
generate parallel independent beams, which is done in multi-core fibers. Several cores
are grouped together into one fiber, with sufficiently large separation between them to
guarantee the orthogonality. Also, a multi-mode fiber [1] or their variant known as few
mode fibers can be considered as transmission media that can support the orthogonal
spatial modes. As we know from the fiber waveguide theory, any guided beam in the
core can be decomposed into the sum of a finite number of eigenmodes [7-9], while the
number of eigenmodes is defined by the structure of the fiber core and cladding. As
compared with standard single mode fibers, few mode fibers just need to have a slightly
larger core diameter to have a larger V number to allow propagation of several modes
(usually 3 modes (LP01, LP11a, LP11b) are used for FMF as illustrated in Fig 2. 2).

Fig 2. 3 Normalized Propagation constant b as a function of normalized frequency V
[1]
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2.1.1.1 Spatial Mode Generation
As discussed above, the utilization of spatial channels requires the ability to generate
them and demultiplex them at the receiving side. Generally, multiplexing and
demultiplexing are conjugate processes, which means that the setup for mode
generation and multiplexing can also be used for mode detection and demultiplexing.
Multicore Fiber Coupling
Compared with mode generation, the generation of parallel beams in multicore fiber
is straightforward process since we just need to couple the light from single mode fibers
to each core of the multicore fiber. Currently, there are two typical methods to do the
coupling in MCF. One is to use a fan-in fan-out connector [10, 11], which bundles several
single mode fibers and taper them into one multicore fiber that matches the multicore
fiber for transmission. This method is quite simple for operation, but each connector is
only related to one specific type of MCF.
The other method is to make coupling in free space [12]. This method can be used for
all types of MCF, but it is a rather bulky setup that is difficult to build. Heuristically, there
are three critical parameters which will greatly affect the coupling efficiency: first is the
spot size, which should be close to or smaller than the effective modal area of the core;
second is the incident angle and position of the beam, which should be parallel to the
optical axis and located at the center of the core; and third is the numerical aperture, if
the beam is converged too fast by the objective lens, the efficiency will also be low. The
general method to estimate the coupling efficiency (which is also true for mode coupling
in few mode fibers) is the evaluation of overlapping integral
𝐴(𝑥, 𝑦) 𝐴∗ (𝑥, 𝑦)𝑑𝑥𝑑𝑦

𝑐𝑜𝑢𝑝𝑙𝑖𝑛𝑔 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =

(2.3)

where 𝐴(𝑥, 𝑦) is the incident field, while 𝐴 (𝑥, 𝑦) is the spatial distribution of the
coupled mode in fiber.
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Beam Mode Generation
It is always a challenging task to excite a certain mode into the few-mode fiber with
high efficiency. Various distinct methods are proposed to generate and multiplex the
spatial modes [13-17], such as using holographs, couplers, photonic lanterns, etc. As
explained above, the eigenmodes of the step index fiber usually serve as independent
channels. Compared with the normal MMF, which can support more than hundreds of
modes, a FMF has a slightly larger core diameter than the SMF, so the number modes it
can support is usually less than 20. So far, the lowest 3 modes (per polarization), LP 01,
LP11a, LP11b, are commonly used.
Compared with the real eigenmodes, which are the Bessel functions with a vortex
phase [7-9], the LP modes are easier to generate because it has a simpler phase profile
(0 and 𝜋). For LP modes we have that
𝐸 (𝑟, 𝜃, 𝑧)
𝑟
𝑐𝑜𝑠(𝑚𝜃 + 𝜑)𝑒𝑥𝑝(−𝑖𝛽 𝑧),
𝑟≤𝑎
𝑎
𝐽 (𝑢 )
𝑟
𝐾 𝑤
𝑐𝑜𝑠(𝑚𝜃 + 𝜑)𝑒𝑥𝑝(−𝑖𝛽 𝑧), 𝑟 > 𝑎
𝐾 (𝑤 )
𝑎

𝐴 𝐽
=
𝐴

𝑢

(2.4)

This equation describes the x or y components, that is x/y polarization, of the electric
field, while z component is usually very small compared with x and y in LP mode.
Parameters 𝑙, 𝑚 are the radial and azimuthal indices for the electric modes respectively.
Phase 𝜑 can be 0 and 𝜋⁄2, which represents two orthogonal modes corresponding to
the a and b in LP11a/b. Using this simple phase profile, a phase-plate based method [15,
17] can be used to generate LP11 mode in the fiber. It has a very simple setup at the cost
of a relatively low coupling efficiency, which limits its application area.
There is another interesting method to excite the spatial modes in MMF/FMF [16].
Namely, instead of generating a specific mode, a mode group is generated
simultaneously by launching several spots into the FMF and letting them evolve. By
properly designing the position and size of the spots, the composed field can be
confined in the fiber with high efficiency. Since any field can be decomposed as the sum
of the eigenmodes, the signals conveyed by the eigenmodes are just a linear
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transformation (the transformation between two bases) of the signals originally
encoded in the spots.
The general approach to excite a certain mode in the waveguide (fiber) is to generate
the desired field and couple it into the waveguide. So, we need the ability to generate a
field and send it to the required position with a matching magnification. The first part
can be achieved with holograph [13, 18, 19], while the second part relates to the
standard problem of designing an optical imaging system.

Fig 2. 4 (a) configuration of the mode generation setup, (b) phase screen on the SLM,
(c) the amplitude of the generated field (𝐿𝐺

as example)

Let us briefly explain the method we used in our investigation to generate a field with
an arbitrary amplitude and phase distribution by employing phase-only spatial light
modulator (SLM) [19]. Assuming the target field is
𝑠(𝑥, 𝑦) = 𝑎(𝑥, 𝑦)𝑒𝑥𝑝[𝑖𝜙(𝑥, 𝑦)]

(2.5)

which may be the spatial mode or its Fourier transform, the SLM or phase plane we use
leads to spatial distribution
ℎ(𝑥, 𝑦) = 𝑒𝑥𝑝[𝑖Ψ(𝑥, 𝑦)] = 𝑒𝑥𝑝[𝑖Ψ(𝑎, 𝜙)]

(2.6)

Now, instead of expanding it in terms of coordinates x and y, we decompose the
phase of a SLM ℎ with its phase term of the target field 𝜙, which is a function of x and y.
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Since ℎ(𝑎, 𝜙) is a periodic function over phase 𝜙, it can be presented as the sum of a
discrete Fourier series:
ℎ(𝑎, 𝜙) =

ℎ (𝑎, 𝜙) ; ℎ (𝑎, 𝜙) = 𝑐 𝑒𝑥𝑝(𝑖𝑞𝜙)
(2.7)

𝑐 = 1⁄2𝜋 ∙ ∫ ℎ(𝑎, 𝜙) ∙ 𝑒𝑥𝑝(−𝑖𝑞𝜙)𝑑𝜙
If we consider the first order term, and if 𝑐 = 𝐴𝑎, we have that ℎ (𝑎, 𝜙) = 𝐴 ∙
𝑠(𝑥, 𝑦). We can arbitrarily define ℎ(𝑥, 𝑦) , such as Ψ(𝑎, 𝜙) = 𝑓(𝑎)𝑠𝑖𝑛(𝜙), and obtain a
mapping between 𝑓(𝑎) and 𝑎.
To separate different orders, we add additional phase term 𝜙 = 𝜙 + 2𝜋(𝑢 𝑥 +
𝑣 𝑦), so that ℎ′(𝑎, 𝜙) = ∑ ℎ (𝑎, 𝜙) 𝑒𝑥𝑝[𝑖2𝜋(𝑞𝑢 𝑥 + 𝑞𝑣 𝑦)]. In the Fourier plane, the
field distribution will be 𝐻′(𝑢, 𝑣) = ∑ 𝐻 (𝑢 − 𝑞𝑢 , 𝑣 − 𝑞𝑣 ), and different orders are
separated in space. After selecting the first order (the field we want) with a spatial filter,
we can adjust the beam size by magnification, and couple the field into FMF, or
sometimes directly couple its FT into the fiber.
With the techniques of generating and detecting spatial modes, we have the physical
foundations for multi-channel system. In the next section, we will discuss the
implementation of SDM from the perspective of signal processing.

2.1.2 Multiple-Input-Multiple-Output (MIMO) Technique
Multi-channel scenario is always closely associated with the multiple input multiple
output (MIMO) technique. MIMO is essentially a collection of signal processing
techniques,

originally

developed

to

enhance

the

performance

of

wireless

communication systems. There are two main reasons why we want to implement MIMO:
(1) by exploiting spatial diversity, to combat the fading or time varying attenuation of
the channel that greatly degrades the transmission quality; (2) by utilizing spatial
multiplexing, to increase the overall channel capacity.
In wireless transmission scenario, fading happens randomly. Accordingly, by sending
replicas of the same signals through several independent channels, their fading will also
be independent. If transmitted signals from different channels are analyzed together,
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the impact of fading will be averaged and hence reduced. Obviously, only one set of
messages is transmitted, although multiple spatial channels are used. Essentially, in this
case, MIMO leads to improvement of the systems quality and reliability at the cost of its
capacity. To better use the spatial diversity, a few spatial-time coding methods, such as
Alamouti coding, are developed. However, the losses of fiber channels are quite stable
or vary lowly most of the time, so it is not necessary to sacrifice the channel capacity.
In optical fiber communications, MIMO is mainly used to increase the system’s
capacity. Intuitively, when we have M channels and each channel transmits independent
signals, the capacity of this new M-channel system is M times larger than that of a single
channel system. In the following sections, let us analyze the channel capacity with the
information theory perspective, and explain the implementation of MIMO for optical
SDM.

2.1.2.1 Channel Capacity
To focus on the inter-channel interaction, let us temporarily set aside the intrachannel phenomena, such as chromatic dispersion, polarization dispersion, nonlinear
effect, etc. For this case, a linear system can be described by equation,
(2.8)

𝑹= 𝑯×𝑺+𝑵
where 𝑹 is the matrix of received signals given as
𝑟 (1) 𝑟 (2) ⋯
⋮
⋱
𝑹=
𝑟 (1) 𝑟 (2) ⋯

𝑟 (𝑁)
⋮
𝑟 (𝑁)

(2.9)

𝑁 is the number of receivers, and N is the total length of the received signals. Similarly,
for the matrix of transmitted signals 𝑺, M is the number of transmitters, so it is
𝑠 (1) 𝑠 (2)
⋮
𝑺=
𝑠 (1) 𝑠 (2)

⋯ 𝑠 (𝑁)
⋱
⋮
⋯ 𝑠 (𝑁)

(2.10)

The transfer matrix 𝑯 (𝑁 × 𝑁 ) is given as
ℎ

ℎ
⋮

𝑯=
ℎ

ℎ
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⋯
⋱
⋯

ℎ
⋮
ℎ

(2.11)

Where ℎ

is a complex number showing the response of the signals detected at

channel 𝑚 while originating from channel 𝑙. Finally, 𝑵 presents the noise matrix, which
has the same size as the received signals, i.e. (𝑁 × 𝑁).

Fig 2.5 the basic model of a MIMO system, 𝑁 is the number of inputs/transmitter,
𝑁 is the number of outputs/detectors, 𝑟 is the rank of the channel
As defined by the information theory [20], the capacity of a communication system is
the maximum amount of the mutual information between transmitted and received
signals over all possible distribution of the transmitted signal. For the MIMO system, it
has the form,
𝐶

= max{𝐼(𝑺; 𝑹)} = max{𝐻(𝑹) − 𝐻(𝑹|𝑺)}
𝑺

𝑺

(2.12)

where 𝐻 is entropy (a measure of the uncertainty of a random variable, which is also
the average information); 𝐼 represents the mutual information between 𝑺 and 𝑹 ,
indicating how much information we can know from 𝑹 when 𝑺 is sent.
Since channel matrix 𝑯 is fixed, the conditional entropy 𝐻(𝑹|𝑺) equals to 𝐻(𝑵).
Then the channel capacity is given as
𝐶

= max{𝐻(𝑹) − 𝐻(𝑵)}
𝑺

(2.13)

It is known that the maximum mutual information is achieved when transmitted
signals follow the Gaussian distribution if the noise has additive white Gaussian noise
(AWGN) characteristics.
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For this multi-channel case, the noise matrix 𝑵 is assumed to be multivariate
Gaussian noise with the same variance 𝜎 on each row or channel. Accordingly, the
channel capacity in terms of spectrum efficiency is given as [21]
⁄𝑊 = log |𝓡𝒓𝒓 | − log |𝓡𝒏𝒏 |

𝐶=𝐶

= log 𝑰 +

1
𝑯𝓡𝒔𝒔 𝑯
𝜎

(2.14)

where |∙| represents determinant; 𝓡𝒙𝒙 is the covariance matrix defined as
𝓡𝒙𝒙 = 𝔼{(𝒙 − 𝝁)(𝒙 − 𝝁) }

(2.15)

where † is Hermitian transpose, 𝝁 is the mean value of 𝒙. And as assumed above, the
covariance for noise is 𝓡𝒏𝒏 = 𝜎 𝑰. For notation simplicity, it is assumed that the means
of the transmitted signals are zero, which is also true when we use the MIMO system
based on coherent optical communication schemes.
To better understand the significance of Eqn (2.14), we can decompose the channel
matrix with singular value decomposition (SVD) (the subscripts here mean the
dimension of the matrix), so we have that
𝑯
where 𝑫

= 𝑑𝑖𝑎𝑔

=𝑼

𝑫

𝑽

(2.16)

𝜆 , 𝜆 , … 𝜆 , 0 … 0 , 𝑼 and 𝑽 are unitary matrix. 𝜆 is the

eigenvalue of 𝑯𝑯 (since it is a Hermitian matrix, 𝜆 is a real number). The number of
non-zero eigenvalues 𝑟 is often called the channel rank, which describes the number of
spatial channels supported by the system. We can also write the capacity formula as
𝐶 = log 𝑰 +

1
𝑼𝑫𝑽 𝓡𝒔𝒔 𝑽𝑫𝑼
𝜎

(2.17)

Since the channel matrix is usually hard to control, the only freedom we can
manipulate to increase the potential capacity is 𝓡𝒔𝒔 , as we can see from Eqn (2.14). Let
us consider the two following scenarios: (1) only the receiver knows the channel state
information (CSIR), which is matrix 𝑯; (2) both transmitter and receiver knows the
channel information (CSIT and CSIT).
If the transmitter does not have any information about the channel, it is reasonable
to launch independent signals 𝑺 having equal powers. It is now 𝓡𝒔𝒔 = 𝜎 𝑰, assuming
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the signals in different channels share the same mean and same variance 𝜎 . In this case,
the channel capacity can be expressed by simplified formula as
𝐶 = log 𝑰 +

𝜎
𝑯𝑯
𝜎
= log

=

𝑰+

log

𝜎
𝑼𝑫𝑫𝑼
𝜎
1+

= log

1+

𝜎
𝜆
𝜎

( 2.18)

𝜎
𝜆
𝜎

If we compare the above formula with the conventional single input single output
(SISO) Shannon formula, we can see that for CSIR the total capacity of this MIMO system
is simply the sum of r independent SISO system. Therefore, from the perspective of real
implementation, 𝜆 can be interpreted as the channel dependent gain or loss.
Assuming the total received power is a constant, that is ∑ 𝜆 is a constant, the
maximum channel capacity happens when all eigenvalues 𝜆 are the same, which can be
proved with the Lagrange multiplier method. Therefore, the optimal condition is that all
the channels have the same gain or loss, which is also the reason why we say that modal
dependent loss (MDL), which relates to unequal losses in different channels, will
degrade the system capacity [22]. Signal amplification is an indispensable component of
today’s optical communications, and having a small MDL is a critical factor that we need
to consider when designing the multi-channel amplifiers.
From the perspective of channel capacity analysis, we should mention another
method known as eigenbeamforming. Namely, by intentionally designing the power
distribution and channel correlation, we can still satisfy the optimum condition for
maximum channel capacity, but this would require the knowledge of the channel state
information at the transmitting side.
The idea of eigenbeamforming is to maximize the system capacity while keeping the
total transmitted signal power constant. Let us rearrange Eqn (2.17) to take the form
𝑯𝓡𝒔𝒔 𝑯 = 𝔼{𝑼𝑫𝑽 𝒔𝒔 𝑽𝑫𝑼 } = 𝔼{𝑼𝑫(𝑽 𝒔)(𝑽 𝒔) 𝑫𝑼 }
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(2.19)

Since the impact of 𝑼 is removed by the determinant term, 𝑫(𝑽 𝒔) is the key factor to
pay attention to. If we precode the original signal 𝒔 to be 𝒔 = 𝑽 𝒔, or in a more natural
way, the eigen-beam 𝒔 to be 𝒔 = 𝑽𝒔, and 𝒔 is the coded signals that we eventually
transmit, the channel capacity from Eqn (2.17) is reduced to,
𝐶

=

log

1+

1
𝔼{|𝑠 | }𝜆
𝜎

(2.20)

It is easier to impose our control on the system capacity by adjusting the weights of
the original signals. As to the constant transmitting power, it is a more challenging task.
A well-developed algorithm, known as the waterfilling algorithm, is usually used to
assign the power for 𝑠 [21].
There is a very simple but important conclusion we can have from the channel
capacity formula. Namely, to fully utilize the transmission channel, we often design the
system that satisfies relation 𝑁 ≥ 𝑁 = 𝑟. In the following discussion, it is assumed that
𝑁 = 𝑁 = 𝑟 = 𝑁.

2.1.2.2 Digital Signal Processing
Based on the discussion above, we can recognize that the channel matrix is a key
component with respect to MIMO system design. In this section, let us briefly explain
the channel estimation process for two key transmission scenarios.
Coherent Communication
In this case, the channel matrix contains complex elements. In order to calculate it,
we need the ability to detect the amplitude and the phase of the distorted signals, even
when the original signals are real. Coherent detection is a standard method to detect
the complex signals, which is a crucial component in MIMO scheme.
As mentioned earlier in the background introduction, the signal phase and amplitude
changes are combined to increase the spectrum efficiency of the transmitted symbols.
Employing higher modulation formats is still the mainstream practice to increase the
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network capacity. Generally, the real physical electric field representing a complex signal
𝑥(𝑡) = 𝑥 (𝑡) − 𝑖 ∙ 𝑥 (𝑡) = 𝐴(𝑡)𝑒

( )

can be expressed as

𝐸(𝑡) = 𝑅 𝑥 (𝑡) − 𝑖 ∙ 𝑥 (𝑡) 𝑒
= 𝑥 (𝑡)𝑐𝑜𝑠(𝜔𝑡) + 𝑥 (𝑡)𝑠𝑖𝑛(𝜔𝑡)

(2.21)

Although sometimes we say that we use both amplitude and phase to convey signals,
in reality we encode two trains of real signals 𝑥 (𝑡) and 𝑥 (𝑡) on 𝑐𝑜𝑠(𝜔𝑡) and 𝑠𝑖𝑛(𝜔𝑡)
respectively. These two functions represent two orthogonal carriers, and the two terms
in Eqn (2.21) are often called as in-phase and quadrature components.

Fig 2. 6 Constellation diagram of modulation formats with x-axis is the in-phase (real)
part, y-axis is the quadrature (imaginary) part: (a) OOK, (b) BPSK, (c) QPSK, (d)
16QAM, (e) 32QAM, (f) 64QAM
In an optical communication system, M-QAM modulation formats are often used,
which utilize multiple discrete amplitude levels of both in-phase and quadrature
dimensions, as shown in Fig 2. 6. For example, in 16-QAM, we have 4 amplitude levels
on both two axes. Accordingly, one symbol represents 4 (log (16)) bits.
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To generate two carriers with 𝜋⁄2 phase difference, we can simply split a beam from
a single source, add this phase delay on one of the two paths, modulate two beams
independently, and finally couple them together and launch into the transmission
channel.
To recover the information encoded in phase at the receiving side, we often use
interference to transform the phase modulation into the amplitude change. As shown in
Fig 2. 7, a local oscillator (LO) is placed at the receiving side, and beats with the signal
beam. With respect to the difference between the central wavelengths of signal beam
and LO, the detection methods can be classified into three categories: (1) heterodyne
scheme, where the difference between corresponding carrier frequencies is way larger
than the bandwidth of the signal; (2) intradyne, where the frequency difference is
smaller than the signal bandwidth; and (3) homodyne, where the signal beam and LO
are from the same laser source, so there is no difference.
Intradyne scheme is used more often, and let us illustrate it below. The signal beam
and LO are first split into two polarizations, and sent into two 90-degree hybrids. Inside
the hybrids, the signal and LO fields are recombined into four streams given as 𝐸 + 𝐸 ,
𝐸 − 𝐸 , 𝐸 + 𝑖𝐸 , 𝐸 − 𝑖𝐸 . Finally, they are fed into two balanced detectors to
remove the DC components [23-25]. Corresponding photocurrents are given as
𝐼

= 𝑅 𝛼𝑃 (𝑡)𝑃 ⁄2 𝑐𝑜𝑠(𝜃 (𝑡) + 𝜔 𝑡 + 𝛿)

𝐼

= 𝑅 𝛼𝑃 (𝑡)𝑃 ⁄2 𝑠𝑖𝑛(𝜃 (𝑡) + 𝜔 𝑡 + 𝛿)

𝐼

= 𝑅 (1 − 𝛼)𝑃 (𝑡)𝑃 ⁄2 𝑐𝑜𝑠(𝜃 (𝑡) + 𝜔 𝑡 + 𝛿)

𝐼

= 𝑅 (1 − 𝛼)𝑃 (𝑡)𝑃 ⁄2 𝑠𝑖𝑛(𝜃 (𝑡) + 𝜔 𝑡 + 𝛿)

(2.22)

Eqn (2.22) show the electrical signals that we will see in an oscilloscope or any data
acquisition devices. In the equations above, 𝑅 is the photodiode responsivity, 𝛼 is the
splitting ratio of signal beam’s two polarizations, 𝑃 (𝑡) is signal power equal to the
square of the amplitude, 𝜃 (𝑡) is the signal phase, 𝜔

=𝜔 −𝜔

is intermediate

frequency, and 𝛿 is the phase difference between the lasers for signal and LO. To
successfully recover 𝑃 (𝑡) and 𝜃 (𝑡), we need to use digital signal processing (DSP) to
remove the impact of 𝛼, 𝜔

and 𝛿.
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Fig 2. 7 (a) The setup configuration of a PM (polarization multiplexing) coherent
detection system, (b) the structure of the 90-degree hybrid
We should note that 𝛼 is related to the polarization coupling of the channel, which is
a time-varying phenomenon. It can be compensated by sending pilots or training
sequences, or recovered blindly using constant modulus algorithm (CMA) or multimodulus algorithm (MMA) depending on what modulation we use [1]. Parameter 𝜔

is

the difference between the central frequencies of the signal laser and the local oscillator.
The typical 𝜔

value ranges from several hundred MHz to several GHz. This frequency

offset can be recovered by applying Fourier transform of M-th power. Parameter 𝛿 is
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the difference between the initial phases of signal laser and LO, which is originated from
the finite linewidth of the lasers and causes the phase noise. The phase noise can be
compensated with M-th power method, which extracts the signal phase changes out the
phase noise.
Channel Estimation
In the previous section, the process of detecting complex signals is introduced. Let us
now briefly explain how to estimate the channel characteristics with these received
complex values, and how to design the filters to recover the signals after we have the
channel state information.
There are two types of MIMO channel estimation methods: training-based, and
blind-based. The training-based approaches require the knowledge of the received
signal and the corresponding transmitted signal, while the blind ones only need to know
the parameters of received signals.
1) Training-based method
For the estimation methods with training sequences, we usually send known symbols
along with the actual messages we want to transmit all at certain prescribed times and
frequencies (these known symbols are often known as pilots or pilot tones). By
investigating the relation between the pilots before and after transmission, we can
derive the channel matrix or channel impulse response. It is the key to optimize the
placement of pilots in time, frequency, and space, while considering the characteristics
of the channel (such as the time varying speed and frequency dependence). On the
other hand, the blind-based approaches have higher utilization of bandwidth since it
saves time and frequency that would be allocated to pilots, but it commonly leads to
higher computational complexity and poorer performance as compared with trainingbased methods.
Let us now focus on how to obtain the channel state information with training
symbols. By comparing the signal bandwidth and the coherence bandwidth of the
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channel, we know whether the channel is frequency selective or not. The coherence
bandwidth tells us the frequency intervals of two channel responses that become
uncorrelated. So, when the signal bandwidth is smaller than the coherence bandwidth
(also known as narrowband MIMO), we can assume that the channel matrix is the same
for all frequency components, and they share the same pilots. For the broadband MIMO
we need pilot tones, that is the pilots in frequency domain, to estimate the transfer
function for each frequency component. Usually, it is based on orthogonal frequency
division multiplexing (OFDM) modulation, where symbols are encoded in subcarriers [1].
In recent past, there were some projects studying the frequency dependence of
crosstalk [26], but generally, the dependence of coupling on frequency is assumed to be
weak in the optical fiber multi-channel system.
The general idea of estimating characteristics of a receiver filter is by minimizing or
maximizing a certain cost function, depending on what criteria will be used. This also
holds for the MIMO case. The common criteria here are based on calculation of
maximum likelihood and least square values. Recalling Eqn (2.8), which is 𝑹 = 𝑯 × 𝑺 +
𝑵, when the matrix 𝑵 contains independent white Gaussian noise components, we can
see that maximum likelihood method is reduced to least squares method. The estimated
channel matrix can be obtained by
𝑯

= arg

(2.23)

min 𝑯𝑺 − 𝑹
𝑯

where the subscript 𝑝 represents pilots, ‖∙‖ represents the Frobenius norm, which is
defined as ‖𝑨‖ = ∑ ∑ 𝐴

. Eqn (2.23) can be interpreted as searching for the

channel matrix 𝑯 that minimizes the cost function

𝑯𝑺 − 𝑹

. To do the

minimization, there are several routine methods, such as solving it for the elements of
𝑯 when the derivatives of the cost function equal to zero, or by adaptively updating 𝑯
using stochastic or batch gradient descent algorithm.
Taking the derivatives of the cost function over 𝑯, it becomes
𝜕𝐶𝑜𝑠𝑡
= −𝑹∗ 𝑺 + 𝑯∗ 𝑺∗ 𝑺 = 0
𝜕𝑯
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(2.24)

Accordingly, the estimated channel matrix for least squares or maximum likelihood
method becomes
𝑯= 𝑹 𝑺

𝑺 𝑺

(2.25)

Because calculating the inverse of a matrix can be time-consuming, as an alternative
the channel matrix can be also obtained by an adaptive update. Since the gradient
descent algorithm is extremely powerful tool in signal processing, let us pay more
attention to it below.
After we obtain the channel matrix 𝑯, we can use it to demultiplex and recover the
actual transmitted signals 𝑺. There are also several methods to do this job. As an
example, the zero-forcing method can be used [1]. By applying the Moore-Penrose
pseudo inverse of 𝑯 = (𝑯 𝑯) 𝑯 , we have the recovered signals given as
𝑺 = 𝑯 𝑹 = 𝑯 (𝑯 × 𝑺 + 𝑵) = (𝑯 𝑯) 𝑯 𝑯 × 𝑺 + 𝑯 𝑵
= 𝑺+𝑵

(2.26)

This method is very easy to implement, and it also completely cancels out the
interference. However, it may give rise to the noise amplification 𝑵 = (𝑯 𝑯) 𝑯 𝑵
when 𝑯 𝑯 is nearly singular (one or several eigenvalues are close to zero). To balance
this tradeoff, there are some other methods, such as zero-forcing interference
cancellation, which only suppress part of the interference, while keeping the noise
power constant.
2) Blind-based method
Blind source separation (BSS) problem is a widespread problem in both signal
processing and image processing. Plenty of algorithms are developed for this kind of
problem in various application scenarios [27, 28], such as pattern recognition, source
extraction, and MIMO schemes.
In our case here, BSS enables us to get rid of training symbols which are sometimes
not available or too complex to implement, and hence improves the spectrum efficiency.
Instead, it requires some “a priori” information of the transmitted signals, such as their
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statistics. Regarding the application in communication systems, the modulation formats
of the signals are usually predefined, which gives us sufficient a priori information.
Generally speaking, a typical procedure of blind equalization (BE) of MIMO involves
these steps: (1) define a proper cost function, (2) update the equalization coefficients
iteratively to maximize or minimize the cost function, (3) stop process when it converges.
If the cost function has only one stable point, the job is completed; otherwise, special
treatments are needed. We can see that choosing a good cost function is the most
critical step in the blind equalization. Various cost functions are developed [29] and
compared, such as multi-modulus algorithm (MMA) [30], Multiuser kurtosis (MUK)
algorithm [31], etc. Below, let us introduce the one that is used in our investigation.
Multiuser kurtosis (MUK) algorithm is a BSS method to demultiplex multiple signals
with independent identical distribution (iid). Kurtosis is the fourth-order statistics which
indicates how close a certain random variable is to the Gaussian distribution. Normally,
the signals before the channel have discrete equal probability. For example, for the
quadrature phase shift key (QPSK) modulation, the complex signal is a random variable
with equal probabilities (1/4) at these four values: 1 + 𝑖, 1 − 𝑖, −1 + 𝑖, −1 − 𝑖. Since it
is different from the normal distribution, its kurtosis is far away from zero value.
However, after coupling, the received signal 𝑟 = ∑ 𝐻 𝑠 is a new random variable
composed of several iid variables 𝑠 . According to the central limit theorem, the
distribution of the new random variable 𝑟 is approaching the normal distribution, and
this change can be tracked by its kurtosis.
Based on the thinking above, the objective function can be designed with a more
rigorous proof [31]. In BSS, instead of estimating the channel and taking the inverse, we
can directly obtain the equalizer matrix 𝑾, which is defined in the demodulated signals
𝒁 = 𝑺 = 𝑾𝑹 = 𝑾(𝑯 × 𝑺 + 𝑵) = (𝑾𝑯) × 𝑺 + 𝑵 = 𝑮𝑺 + 𝑵. So, the task of MUK is to
find the 𝑾 by solving the following objective function
Objective function: max 𝒥(𝑾) = ∑
𝑾

Subject to: 𝑮 𝑮 = 𝑰
The kurtosis of complex random variable 𝑧 is:
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𝐾 𝑧

(2.27)

𝐾(𝑧) =

𝐸{|𝑧| } − 2𝐸 {|𝑧| } − |𝐸{𝑧 }|
𝐸 {|𝑧| }

(2.28)

The significance of Eqn (2.27) is to find the equalizer matrix 𝑾 that maximize the sum
of the kurtoses of all demodulated signals 𝒁 in each channel. By maximizing the
absolute value of kurtosis, we push it away from zero value, and make the recovered
signals to be non-Gaussian. Eqn (2.27) guarantees that the recovered signal 𝒁 is only a
unitary reordering of the transmitted signal 𝑺, which is the best result we can achieve
with BSS. Instead of satisfying 𝑮 𝑮 = 𝑰, it is often more practical to use 𝑾 𝑾 = 𝑰, since
𝑯 is not known. However, this requires that is 𝑯 unitary, which can be done by prewhitening (making the covariance matrix of 𝑹 an identity matrix). In our investigation,
we assumed that 𝑯 is a unitary matrix.
Next, let us recall a general and very powerful tool for optimization, which is gradient
descent (GD) algorithm [32]. This algorithm is widely used in digital signal process and
machine learning. For example, when demodulating QPSK in the coherent
communication scheme, GD is also a critical component of constant modulus algorithm
(CMA) [25]. Regardless of the cost function, we usually follow the same steps to find the
maximum or minimum of the function. For example, the updated elements of 𝑾 are
given as
𝑾

=𝑾 +𝜇

𝜕𝒥(𝑾)
𝜕𝑾

(2.29)

where 𝜇 controls the descending speed, (the general criterion is that we want fast speed
at large slopes and slow speed at small ones). To find the maximum of cost function
𝒥(𝑾), the sign is ‘+’, while for the minimum, we use the ‘-’ sign. For the computational
simplicity, we sometimes calculate the derivative of the cost function with only one new
data, instead of the whole data set, and this is called stochastic gradient descent (SGD)
algorithm. SGD usually needs more iterations (i.e. more data) to converge, but it is
faster in most cases.
In summary of this section, we have introduced and explained the techniques that
are used for multi-channel complex signals processing, including the coherent
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communication and MIMO signal processing of training-based and blind-based methods.
Although the methods presented above are developed for memoryless channels, they
can be incorporated into more general fiber channels cases [33].
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2.2 Optical Fiber System
In this section, we will introduce the utilization of SDM in optical fiber transmission
system. Firstly, the channel model is explained, mainly focusing on the behavior of intercore coupling, and then the common impairments of the fiber channels are briefly
discussed. Finally, as a result of our investigation, a novel method to monitor the interchannel crosstalk without pilot symbols is proposed and introduced.

2.2.1 Optical Fiber Channel Model
The multi-channel fiber system is based on the standard single mode optical fibers.
There is lots of similarities in characteristics of multichannel and single channel
transmission, such as the impacts of chromatic dispersion (CD), polarization mode
dispersion (PMD), nonlinear effect (NL), loss, etc. However, spatial modes also bring
some impairments of its own, such as inter-channel crosstalk (XT), modal dispersion
(MD), mode dependent loss (MDL) etc. In our work, XT is the major topic. In next
sections we will discuss the channel coupling first, and then briefly introduce the other
relevant other impairments that occur in a fiber-based SDM system.

2.2.1.1 Channel Coupling
Generally, if a fiber is an ideal cylindrical waveguide, the modes of the fiber will stay
the same throughout the medium. However, due to the manufacturing imperfections,
such as diameter variation, isolated particles, etc., and the inevitable bending and
twisting in deployment, irregularities in the refractive index will be induced. The
irregularities will violate the eigenmodes derived from an ideal MMF/FMF, and give rise
to the coupling between modes [34]. As for MCF, it is just a special case, where the
‘irregularity’ (parallel cores in the cladding) is designed on purpose, and channel
coupling is described differently.
Multicore fiber (MCF) is essentially a bundle of single mode fibers. To study the
behaviors of the beam through MCF, besides the impairments we encounter in a single
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mode fiber, the interaction between parallel spatial channels is the major effect we
need to consider. From the waveguide theory perspective, we know that a beam cannot
be perfectly confined in one core, and will always be coupled into other cores. So, a MCF
is basically a very long coupler with extreme low efficiency. Coupled mode theory [34]

Fig 2. 8 illustration of the refractive indices of two cores and fields supported by
them (red and yellow curves)

and coupled power theory [35] are usually used to describe the process. The former one
describes the change of complex modal electric field, while the latter one can only
describe the exchange of real-valued modal power.
Let us introduce the coupled mode theory for parallel waveguide (which is MCF in
this case) which was applied in our work, while the formulas for FMF has a very similar
form. From the Maxwell equations, we can derive the differential equation governing
the coupling between two parallel cores [7]:
𝑑𝐴
+ 𝑗𝑘 𝐴 𝑒
𝑑𝑧
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=0

(2.30)

where 𝐴

/

is the amplitude of the monochromatic eigenmode in channel 𝑝/𝑞, 𝛽

the propagation constant of the eigenmode in channel 𝑝/𝑞, and 𝑘

/

is

is the coupling

coefficient between channel 𝑝 and 𝑞,
𝑘

=

𝜔𝜀 ∬
∬

𝑁 − 𝑁 𝑬∗𝒑 𝑬𝒒 𝑑𝑥𝑑𝑦

𝒖𝒛 ∙ 𝑬∗𝒑 × 𝑯𝒑 + 𝑬𝒑 × 𝑯∗𝒑 𝑑𝑥𝑑𝑦

(2.31)

In the above equation, 𝑬𝒑 , 𝑯𝒑 are the electric and magnetic fields of the eigenmodes
in question, 𝜔 is the angular frequency, 𝜀 is the vacuum permittivity, and 𝑁 and
𝑁 are the overall refractive index and refractive index for channel 𝑞, respectively.
Theoretically, when we know the refractive index profile of the fiber, we can calculate
the coupling or crosstalk of the channels. It is worth noting that for the FMF case, 𝑁 and
𝑁 represent the ideal and perturbed refractive index, respectively.
From the Eqn (2.30), we can see that if 𝑘

is a constant, the coupling will be a

periodic process, just like in a standard coupler [36]. However, in practice, as the
propagation distance increases, the crosstalk is always getting worse. The main reason is
that the refractive index of the fiber is stochastic [26] because of fiber bending and
twisting, and hence the propagation constants of each core and the coupling
coefficients between them are affected. The impact of fiber bending and twisting on
refractive index is expressed as [37]:
𝑛

, ,

=𝑛∙ 1+

𝐷 𝑐𝑜𝑠𝜃
𝑅

,

(2.32)

where 𝑛 is the original material refractive index, 𝑅 is the radius of fiber bending, 𝐷 is
the distance from central axis, and 𝜃

,

is the twisting angle at the 𝑖 − 𝑡ℎ section of the

fiber, which obeys the normal distribution.
Accordingly, the accumulated crosstalk intensity can be obtained by solving above
equation for different initial conditions. For example, launching CW laser in core 𝑖, and
detect the powers in core 𝑗 (𝑗 ≠ 𝑖) after different propagation distances. A simulation
result is shown in Section 2.2.2.2, in which only the average coupling intensity, rather
than the XT intensity in one realization, is monotonically increased with propagation
distance. From the equations above, we can have some insights on the behavior of XT;
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for example, most unintended perturbation will only strongly couple the spatial modes
with very small ∆𝛽 = 𝛽 − 𝛽 . Furthermore, in the case where modulations are applied,
Eqn (2.30) is solved in Fourier domain. Function 𝐴(𝑧, 𝜔) as the complex amplitude of
each frequency component of the signals, with the impact of chromatic dispersion,
modal dispersion, and the loss, can be calculated from equation
𝑑𝐴 (𝑧, 𝜔)
+ 𝑗𝑘 (𝑧, 𝜔)𝐴 (𝑧, 𝜔)𝑒
𝑑𝑧
− 𝑗 𝜔𝛽
where 𝛽 ,

/

,

𝜔
+
𝛽
2

,

,

,

𝛼
𝐴 (𝑧, 𝜔) + 𝐴 (𝑧, 𝜔) = 0
2

(2.33)

(𝑖 = 0,1,2) are the first three terms of Tylor expansion of the propagation

constant over frequency, while 𝛼 is the attenuation in the channel p. Also, it is worth
noting that XT as a linear impairment can be fully recovered by using MIMO as explained
earlier.

2.2.1.2 Other Impairments
Besides the crosstalk, there are some other relevant impairments that we need to
address to achieve a good transmission quality, such as CD, NL, PMD, PDL, MD, MDL etc.
We should mention that polarization modes are sometimes absorbed in the spatial
modes, and we MUX/DEMUX and process them in a similar fashion. Accordingly, their
effects are not discussed individually here.
Modal dispersion and mode dependent loss are originated from the different optical
paths seen by different modes. They are commonly described by a transfer function,
which is a diagonal matrix,
𝑒
Λ(𝜔) =

∆

,

∆

,

⋮

⋯
⋱

0
⋮

0

⋯ 𝑒

∆

,

(2.34)
∆

,

In above equation, the nonlinear effects are ignored, otherwise the channel cannot
be expressed by a linear matrix. Also, chromatic dispersion (CD) is incorporated in the
matrix. In Eqn (2.34), 𝑔 is the mode dependent loss or gain defined by the difference

44

between the gains at channel 𝑖 and average gain; ∆𝛽

,

=𝛽

,

− 𝛽̅ , where 𝛽̅ = ∑ 𝛽 , ,

representing the difference between the inverse of group velocities; and ∆𝛽
𝛽̅ , where 𝛽̅ = ∑ 𝛽

,

,

=𝛽

,

−

is related to the chromatic dispersion.

With the presence of mode coupling, individual channels are no longer independent.
It is common to divide the entire propagation distance into several segments, assuming
that the channels are independent at individual segments and the crosstalk only
happens at the segments interface. Now the matrix model becomes

𝑉 ( ) 𝛬( ) (𝜔)𝑈 (

𝑀(𝜔) =

)

(2.35)
(𝜔) = 𝑀(𝜔)𝑨 (𝜔)

𝑨

where 𝑉 ( ) , 𝑈 ( ) , 𝛬( ) (𝜔) are the crosstalks at entering and exit interfaces of the k-th
segment, while 𝑨 (𝜔) and 𝑨

(𝜔) are the Fourier transforms of the signals before

and after the channels. Depending on how strong the coupling is, the length of
segments will be different.
The model above is in the frequency domain, and equivalently, we can describe it in
the time domain, which is similar as what we can see in Eqn (2.8). However, in an optical
fiber system, the channel is no longer memoryless so the matrix model is modified to
become [22]:
(2.36)

𝑹= 𝑯×𝑺+𝑵
where 𝑹 is the matrix of received signals given as
𝑟 (1) 𝑟 (2) ⋯
⋮
⋱
𝑹=
(1)
(2)
𝑟
𝑟
⋯

𝑟 (𝑁)
⋮
,
(𝑁)
𝑟

(2.37)

where M is the number of channels, N is the total length of the received signals.
The transfer matrix H is given as
𝒉
𝑯=

,

⋯ 𝒉,
⋱
⋮
⋯ 𝒉 ,

,

⋮
𝒉

𝒉

𝒉

,

= ℎ

,
,

𝒉

,

(1), ℎ
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,

(2), ⋯ ℎ

,

(2.38)
(𝐿)

where 𝒉

,

shows the channel coupling and channel gain, while ℎ

,

(𝑙) indicates

dispersion. The taps number L is associated to the amount of pulse spreading, which is
proportional to the accumulated dispersion. Now the original signals can be reordered
and expressed as
𝒔 (𝑘) 𝒔 (𝑘 + 1)
⋮
𝑺=
𝒔 (𝑘) 𝒔 (𝑘 + 1)

⋯
⋱
⋯

𝒔 (𝑘 + 𝑁 − 1)
⋮
𝒔 (𝑘 + 𝑁 − 1)

(2.39)

𝒔 (𝑘 + 𝑙) = [𝑠 (𝑘 + 𝑙), 𝑠 (𝑘 + 𝑙 + 1), ⋯ 𝑠 (𝑘 + 𝐿 − 𝑙)]
Depending on the finite impulse response (FIR) in the equalizer, 𝑘 can take different
values (we will just use 𝑘 = 1 for the sake of calculation simplicity).
Finally, 𝑵 is the noise matrix mainly origination from the impact of ASE, which has
the same size as the received signals.

2.2.2 Crosstalk Monitoring
To make an optical network more intelligent and cost-effective, the ability to monitor
the real-time transmission quality is always desired. In an advanced optical network
structure where multi-dimensional channels are implemented, methods of estimating
the impairments from spatially multiplexed signals are required. In this section, we will
explain our research results done on the crosstalk monitoring. We first verified the
strong correlation between the crosstalk intensity and the statistical characterization of
the signal, and then developed a novel method to monitor the in-service crosstalk by
detecting the received signals power.
As a significant impairment of multiple spatial-channel transmission, crosstalk has
been extensively studied [26, 34, 35, 37-40] including the following: the static model
including mode coupling theory and power coupling theory [34, 35], statistical behavior
from fiber bending and twisting [26, 39], methods to suppress or recover the
crosstalk[37, 40], etc.
In a SDM-based transmission system, we have two ways of dealing with crosstalk.
When the intensity of crosstalk is sufficiently low, the channels are considered
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independent, and the crosstalk is simply treated as noise. On the other side, if the
crosstalk is stronger than a certain threshold, the channel coupling must be actively
compensated with multiple-input-multiple-output (MIMO) technique. Therefore,
determining whether the crosstalk is tolerable is a critical process, especially when we
want to implement SDM in network environment [41].
An optical network combines point-to-point transmission lines with different
topologies, and we have more objectives to satisfy in such scenario. Let us consider two
cases: 1) before we add/drop a wavelength/spatial channel at nodes (since we want to
minimize optical-electrical-optical (OEO) conversion) it is desired to know whether the
crosstalk is tolerable; 2) the tolerance of crosstalk is changing for different conditions
[42, 43]. Typically, for higher modulation formats, the tolerance is smaller. Accordingly,
in the case of dynamic modulation selection, an in-service crosstalk monitoring method
appears indispensable and employment of an effective crosstalk monitoring method
would have a significant impact on the cost and intelligence of the network.
As far as we know, the typical measurements of inter-core crosstalk so far are done
without signals [38, 44]. The crosstalk is evaluated by measuring the power in core A
leaked from the adjacent core B, while originally only core B is fed with light (which is
either in the form of a continuous wave or a single pulse). This method is quite accurate,
but it cannot be used to test the real-time crosstalk of the system when channels are
fully occupied by signals, given that channel coupling is a time-varying stochastic process,
from both its inherent mechanism and the network operating scenario.
In this work, we proposed a method by simply detecting the power of a single
channel and estimating the crosstalk intensity based on the higher order statistics (HOS)
of the transmitted signal. As we know, HOS, such as kurtosis, is widely used in the blind
separation of multiple sources [31]. Using kurtosis as the cost function, the coefficients
of the equalizers are adaptively updated with gradient-descent based algorithm. To the
best of our knowledge, it is the first time to extend it to crosstalk monitoring on
multicore fiber (MCF) channel, considering other impairments of optical transmission
system, such as phase noise, dispersion, ASE, MDL etc.
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2.2.2.1 Monitoring Parameter
As discussed in the previous sections, MIMO is commonly applied to estimate this
multi-channel system and recover the distorted signals [22]. But to use it, we need the
full information of the E-field, including amplitude, phase, polarization and frequency.
Therefore, coherent detection is always required, which implies that OEO conversion is
also performed.
However, in the networks based on MCF deployment, it is not necessary to apply
MIMO and OEO conversion as long as the crosstalk is below a predefined threshold.
From that perspective, it is critical to monitor the crosstalk intensity with an affordable
method, as one that we propose here. Firstly, we need to define a parameter to
measure the intensity of crosstalk.
Let us recall the matrix model we used to describe channel coupling, Eqn (2.36). We
can notice that each element of R is the sum of independent random variables s, which
has a general form
𝑟 =

ℎ ∙𝑠 +𝑛

(2.40)

According to the central limit theorem, we can expect that the distribution of 𝑟 is
approaching the Gaussian one when the coefficients ℎ are larger. As mentioned
previously, the fourth order statistics, known as kurtosis, can tell us the “Gaussian
character” of the random variable distribution. Intuitively, the crosstalk coefficients are
closely related to kurtosis. Following this idea, in this work, we proposed a novel
method estimating the crosstalk intensity with signal kurtosis, which is obtained by
measuring only the received signal powers.
The normalized kurtosis for complex random variable is defined in Eqn (2.28) and can
be expressed as
𝐾(𝑟) =

𝐸{|𝑟| } − 2𝐸 {|𝑟| } − |𝐸{𝑟 }|
𝐸 {|𝑟| }

(2.41)

while the real-time power is given as
𝑃 = 𝑟 ∙ 𝑟 ∗ = |𝑟 |
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(2.42)

where 𝑃 is the power of the received signal 𝑟 . Now, by using Eqn (2.40), the third term
in the numerator of Eqn (2.41) becomes
(ℎ ℎ

𝑟 =

∙𝑠𝑠 )+𝑛

ℎ 𝑠 +𝑛

ℎ 𝑠

(2.43)

+𝑛 𝑛
Since the noise and signals are independent random variables, (which is also true for MQAM signals), the real and imaginary parts of them are also independent with zero
means. Therefore, it is
𝐸{𝑠 𝑠 } = 𝐸{𝑛 𝑛 } = 0,

𝐸{𝑠 𝑛 } = 𝐸{𝑠 }𝐸{𝑛 } = 0

(2.44)

where 𝐸{𝑟 } = 0.
As a conclusion, the kurtosis of the received signals can be represented only by its
detected power, which leads to equation
𝐾=

𝐸{|𝑟| } − 2𝐸 {|𝑟| } 𝐸{𝑃 }
=
−2
𝐸 {|𝑟| }
𝐸 {𝑃}

(2.45)

This equation also indicates an important advantage of the method we proposed.
Because of averaging, slow analog to digital converts and signal processing circuits are
sufficient for this measurement, which makes the implementation expense even lower.

2.2.2.2 Model Verification and Simulation Results
In this section, we first verify the strong correlation between crosstalk intensity and
the kurtosis calculated from received power. After that, we will perform simulation of
optical fiber transmission system by using the channel model described above, and
discuss the impact of other relevant impairments.
Crosstalk versus kurtosis
Eqns (2.36(2.39) can be simplified (𝐿 = 1) by assuming that only the channel coupling
is considered, . The channel is described by a 𝑀 × 𝑀 complex unitary matrix H, where 𝑀
is the number of channels, so it is
𝑹=𝑯×𝑺
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(2.46)

We have that 𝑟 (𝑡) = ∑

ℎ 𝑠 (𝑡) = ℎ 𝑠 (𝑡) + ∑

,

ℎ 𝑠 (𝑡) , assuming the

signals in each channel are independent and with the same power. Function ℎ 𝑠 (𝑡)
shows the portion of original signals remaining in the received signals, while
∑

,

ℎ 𝑠 (𝑡) is the coupled portion due to crosstalk.

In terms of power coupling, the following relation can be established
𝑃 , = 𝐸 𝑟 𝑟∗ = 𝐸

ℎ 𝑠 ∙ ℎ∗ 𝑠 ∗ =

ℎ ℎ∗ ∙ 𝐸{𝑠 𝑠 ∗ } ,

(2.47)

𝐸{𝑠 𝑠 ∗ } = 𝜎 𝛿
Accordingly, we have 𝑃 , = ∑

ℎ

𝑃 , . And, it is reasonable to characterize the

crosstalk intensity in channel 𝑗 as
𝑋𝑇 = 1 −

ℎ
∑

ℎ

(2.48)

Fig 2. 9 The system setup scheme. Each core is fed with modulated signals, and
before sending signals to routers or detectors, a small portion of the light is coupled
out to the monitor. The router can make decisions depending on the signals sent by
monitors.
Fig 2. 10 demonstrates the relation between kurtosis and crosstalk. Seven
independent QPSK signals are created, and a set of complex random transfer matrices 𝑯
are generated. For each 𝑯, a mapping between 𝐾 𝑟 and 𝑋𝑇 is obtained by using Eqn
(2.45) and Eqn (2.48) respectively, which is shown by one single spot in Fig 2. 10.
We can notice that the spots set is bounded by two curves. The lower one relates to
all crosstalk contributed by only a single signal; while the upper one is related to
crosstalk that is evenly contributed by all other channels. The discrepancy between two
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Fig 2. 10 Kurtosis (y axis) vs crosstalk intensity (x axis), (b) highlights the parts in (a)
with small crosstalk (0 - 0.2)
curves is higher when the crosstalk is larger. However, in the region of interests, which is
around the crosstalk threshold (which is usually smaller than 0.1), the difference is less
than 2%. We can conclude that there is a very strong correlation between crosstalk
intensity and the signals kurtosis in the region of interests.
Impact of other impairments
From Eqns (2.36(2.39), we know that all linear impairments can be absorbed in ℎ
and 𝑛 , (including phase noise, CD, MD, MDL, crosstalk, ASE etc.), so we have that
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𝑟 (𝑘) =

ℎ (𝑙) ∙ 𝑠 (𝑘 + 𝑙) + 𝑛

(2.49)

Similar as Eqn (2.43), and since 𝐸 𝑠 (𝑙)𝑠 ∗ (𝑚) = 𝜎 𝛿 𝛿 , 𝐸 𝑠 (𝑙)𝑛 = 0, we have
that
𝑃 , = 𝐸 𝑟 𝑟∗ = 𝜎

ℎ (𝑙) + 𝜎

(2.50)

We can expect a similar relation shown in Fig 2.9, but the x-axis is no longer the
crosstalk intensity, but modified crosstalk ratio
𝑋𝑇 = 1 −

𝜎 ℎ (1)
𝜎 ∑

∑

ℎ (𝑙) + 𝜎

(2.51)

To better understand this relation, we can conceptually break 𝑋𝑇 into different
components as
𝑋𝑇 = 1 −

𝑃

× (1 − 𝑋𝑇) × (1 − 𝐷𝑖𝑠𝑝)
𝑃 +𝑃

𝐷𝑖𝑠𝑝 = 1 −

ℎ (1)
∑

(2.52)

ℎ (𝑙)

where 𝑋𝑇 is the inter-core crosstalk in Eqn (2.48), 1 − 𝑋𝑇 is the power of the original
signal in the core of interests; and 1 − 𝐷𝑖𝑠𝑝 is the ratio of power remaining in the
original time slots after pulse spreading, which is calculated by the impulse response.
Chromatic dispersion and ASE power can be estimated quite accurate as they
accumulate along the line for a relatively long time, which is different from stochastic
behavior of crosstalk. When we have the information about dispersion and noise, we
can figure out the impact on kurtosis solely from crosstalk level.
To verify this method, we simulate a transmission setup shown in Fig 2. 9. The laser is
operating at 1550nm, with linewidth of 1MHz. The signal at the transmitting side
consists of 7 independent single polarization QAM (QPSK, 16QAM) streams with
20GBaud/s rate. The transmission channel is a homogeneous 7-core fiber, and each core
has a step-index refractive profile. Detailed parameters are shown in Table 1. The fiber
goes through random bending and twisting, so the crosstalk is essentially stochastic. To
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monitor the crosstalk, the portions of the received powers are obtained with
splitters/couplers at the end of each channel and before routers or detectors.
Table 1: Optical fiber parameters
Core diameter

9.4𝜇𝑚

Core pitch

55𝜇𝑚

Refractive index

1.456/1.460

Dispersion coefficient

18ps/nm/km

Average bending radius

50m

Length

10km

Noise strength (SNR)

7dB

Detection speed

1GHz

It is worth noting that in one measurement (~1ms duration), all the impairments can
be considered stable except the phase noise. However, since we only measure the
power of the signal, the phase noise does not affect our estimation of crosstalk, which
matches the results of our simulation.
To better illustrate the properties of the MCF, the complex coupling (ℎ ) along the
propagation is shown in Fig 2. 11, where Fig 2. 11.a presents a single realization, and Fig
2. 11.b presents the mean crosstalk. We can see that although the average crosstalk
increases with the propagation, in a single realization, the crosstalk is not monotonically
increasing.
The propagation of the signals is modeled by solving Eqn (2.33) with different
conditions. By incrementing sufficiently small distance, we have the complex amplitudes
of each frequency component as the output. Then by making transformation from
frequency domain to time domain, we can obtain the distorted signals at receiving side.
(The received signals are also analyzed by using channel estimation of MIMO, i.e. least
square method, for comparison and validation).
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Fig 2. 11 (a) Coupled electric field in core 1 from cores 2-7, blue and red curves are
the real and imaginary parts respectively (b) the mean crosstalk power

Signals are detected at different propagation distances and with different crosstalk
intensities assuming the ASE noise intensity is always the same. The relation between
the kurtosis and modified crosstalk intensity is shown in Fig 2. 12. The following three
obtained results are compared for both QPSK and 16QAM formats: (1) with only intercore crosstalk, (2) with all impairments described by Eqn (2.33) and noise, (3) with
dispersion and ASE are removed by using Eqn (2.52).
We can see that Fig 2. 12 b(e) presents only a shifted version of Fig 2. 12 a(d), and
that is in agreement with our derivation in Eqns (2.49(2.52). By removing the impact of
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Fig 2. 12 (a-c) kurtosis (y axis) versus modified crosstalk (x axis) for QPSK, with only
crosstalk accounted for, with all linear impairments digitally removed; (d-f) kurtosis
versus modified crosstalk for 16QAM, with only crosstalk accounted for, with all
linear impairments are digitally removed; (spots with different colors are for
different channels).
other impairments, we have the new mapping between kurtosis and crosstalk intensity,
which we can use to estimate the crosstalk by measuring the kurtosis in different
conditions.
If we push this method one step further, and only remove the impairments that can
be digitally compensated later (i.e. dispersion), we can estimate the equivalent
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SNR/OSNR with kurtosis, which is the direct benchmark for decision whether we need
optical-electrical-optical (OEO) conversion or not. We should also point out that in
network environment the crosstalk is not solely originating from the fibers since
additional crosstalk can occur at each spatial switch or coupler. However, this method
still works since they can be described by the coupling matrix.

2.2.2.3 Conclusion
The crosstalk level has a high impact on both optical network performance and
performance of individual transmission links. In this work, we have used the strong
correlation between crosstalk intensity and signals kurtosis, and developed a novel
method to monitor crosstalk by only measuring the power with a relatively slow
detector. During our simulation of verification process, the impact of all relevant
impairments of a homogeneous MCF transmission system has also been included.
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2.3 Free Space Optical (FSO) Transmission System
As we know, the propagation of electromagnetic wave does not require optical fibers
as medium. The reason why fiber is so favored in optical communication is that guided
light as transmission channel is very stable against ambient environments and it can go
along any guided path. Recently, the FSO transmission becomes a viable
alternative/complement to optical fiber transmission
Air itself is a suitable medium for signal transmission, since it has extremely low
dispersion, low nonlinearity, weak birefringence, acceptable loss, etc. Accordingly, most
of the impairments we worry about in fibers can be neglected here. However, in real life,
without the protection of the waveguide, there are still some other issues, such as the
impact of air turbulence and beam divergence, we need to address when considering
the light beam propagation. Also, when the rain, snow, or the fog is present, the light
paths could be completely blocked, which makes the system very unreliable. Even for
the places that have sunshine almost throughout the year, like Tucson, the heat can also
disturb the channel with turbulence. Finally, since the light goes along straight line, it
will be blocked by anything that is not transparent, which limits it application in a
complex environment such as employment in urban areas with lots of buildings, cars,
etc. In spite of the drawbacks mentioned above, free space optical (FSO) transmission is
still an important transmission tool, mainly because it is easy and cost effective to
implement and offers a wider bandwidth as compared to satellite communication
systems.
The free space optical (FSO) transmission links can be effectively utilized as both
classical and quantum communication channels [45]. As compared with a conventional
wireless system, they offer the larger antenna gain, wider and license-free frequency
spectrum, as well as the extremely narrow divergence of the laser beam.
From the perspective of channel analysis, we should focus to realizations that would
provide more reliable FSO transmission. Accordingly, we usually assume that a sunny
day atmosphere, and line of sight (LOS) condition are satisfied. In this case, the major
impairments of FSO channel are related to absorption, scattering, and air turbulence. It
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is well-known that atmospheric conditions related to light absorption and scattering due
to various aerosol particles cause loss of the optical power, which is enhanced by the
additional losses at the receiver side due to limited aperture of the receiving optics and
inevitable beam divergence acquired during propagation [46, 47]. The loss of optical
power determines the optical link budget and imposes the limit on the achievable FSO
system range at the specified bit rate (channel capacity). Besides, clear-air turbulence
phenomena due to spatial and temporal random variations of the refractive index along
the transmission path in the FSO channel will also limit both the transmission distance
and achievable bit rates [48]. Namely, the wave-front distortions that are induced
during propagation through turbulent atmosphere will be eventually transferred to
intensity fluctuations, thus limiting the signal-to-noise ratio (SNR) [1].
Regarding the application of SDM, turbulence is the major cause for the degradation
of multiple spatial modes transmission. So, in this section, we will first briefly discuss the
behavior of optical turbulence, and then explain the method that we developed to
estimate the turbulence strength.

2.3.1 Free-space Channel Model
Let us discuss the impact of the air turbulence in atmosphere and briefly explain how
turbulence is generated, how we quantify turbulence impact, and how the turbulent
atmosphere interacts with optical field and causes degradation of FSO system
performance.
The optical turbulence is essentially the fluctuation of refractive index in time and
space, which is mainly caused by wind and temperature gradient. As we know, the
temperature and pressure can change the density of air, hence influence its index of
refraction, which is the most important parameter in optical paths. Intuitively speaking,
the refractive index will directly change the phase of the optical field; as a consequence,
the propagation direction will be affected, and each angular spectrum component may
interfere with each other and irradiance will fluctuate in space. Therefore, it is clear that
the turbulence can change every dimension of an optical field.
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To study the behavior of refractive index fluctuation, and use it to estimate and
suppress its impact on various optical systems, several well-known theories and models,
such as Kolmogorov model, von Karman model, Tatarskii model, are established. Before
we explain those models, let us briefly discuss the properties of a random process, or a
random field in our case.
In the general case, a random process presents a random function of time. Each
realization of this process will lead to a different outcome, which implies that each value
of this function at different time instants is a random variable. The random field concept
can be extended into four dimensions, i.e. 3D space and time. Accordingly, the
refractive index 𝑛(𝑥, 𝑦, 𝑧; 𝑡) in the turbulent air is a random variable at each point of
time and location. Therefore, we can use the routine mathematical methods developed
for the random processes to analyze the impact of refractive index fluctuations.
The exact probabilistic description of a random process 𝑋(𝑡) involves the joint
probability

density

function

(PDF)

of

its

entire

sample

points,

which

is

𝑃 𝑥(𝑡 ), 𝑥(𝑡 ) … 𝑥(𝑡 ) . In most cases, we do not have the access to the high order
joint PDF. This forces us to use reasonable approximation when dealing with a random
process. The most common assumption is that a process is stationary, or at least wide
sense stationary (WSS). For this, two conditions must be satisfied: (1) 1 st order PDF
should be time-independent, which is𝑃 𝑥(𝑡) = 𝑃 ; (2) 2nd order of joint PDF should
only depend on the time interval, and not on the specific time, which is 𝑃 𝑥(𝑡 ), 𝑥(𝑡 +
𝜏) = 𝑃 (𝜏). Based on experimental observations, these conditions are satisfied in
many cases when the turbulence is present.
In practice, we often use an even less strict condition that relates to the wide sense
stationary assumption, which only requires that: (1) mean value 𝑚(𝑡) is constant, (2)
autocorrelation only depends on the time interval, which leads to function 𝑅(𝜏). With
these two parameters, we can quantitatively describe the probabilistic behavior of the
refractive index.
It is worth noting that another 2nd order statistic moment, known as the structure
function, is often used, and it is defined as
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𝐷(𝑡 , 𝑡 + 𝜏) = 〈[𝑥(𝑡 ) − 𝑥(𝑡 + 𝜏)] 〉

( 2.53)

It is used in more general scenarios, when 𝑚(𝑡) is slowly varying so the process is not
stationary, but its increment can still satisfy wide sense stationary assumption. We call a
process to be the increment stationary if mean value 〈𝑥(𝑡 ) − 𝑥(𝑡 + 𝜏)〉 and structure
function 𝐷(𝑡 , 𝑡 + 𝜏) only depend on the time interval 𝜏. When we extend the time
dependence to space, we usually refer to increment stationary as locally homogeneous,
but the mathematical expressions are the same.
Let us return to the established models for the air turbulence. These models include
the analytical expressions for the turbulence’s power spectrum or its probability
moments based on some physical insights. Let us just briefly explain the methodology
by using the well-known Kolmogorov model as an example.
By using dimensional analysis and universal 2/3 power law [49], the structure
function of the air refractive index n is presented as
𝐷 (𝑅) =

𝐶 𝑙
𝐶 𝑅

⁄
⁄

𝑅 ,
,

0≤𝑅≪𝑙
𝑙 ≪𝑅≪𝐿

(2.54)

where 𝑙 and 𝐿 are the inner scale and outer scale of the inertial range, 𝐶 is the
refractive index structure constant, and R is the spatial distance independent of
direction. Parameter 𝐿 defines the largest size of eddies below which they can be
assumed to be statistically homogeneous and isotropic, while 𝑙 defines the smallest
size of eddies that can exist. The exact upper and lower bounds of the inertial range are
impossible to know, but since this model is only asymptotically true, it is not that crucial
to know their real values. Generally speaking, stronger turbulence will usually have
larger 𝐿 and smaller 𝑙 values. The refractive index structure constant 𝐶 is a very
important parameter to measure the strength of turbulence fluctuations, which is also
quite challenging to be measured precisely.
The power spectrum, as an equivalent description of random process, is used more
often. Power spectrum is the Fourier transform of the correlation function, and it can
also be mapped to the structure function. Based on the model above (Eqn (2.54)), the
Kolmogorov spectrum in inertial range is obtained as:
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Ψ (𝐾) = 0.033𝐶 𝐾

⁄

,

1⁄𝐿 ≪ 𝐾 ≪ 1⁄𝑙

(2.55)

and it is related to the correlation and structure function by following transformations
𝑅 (𝑅) =
𝐷 (𝑅) = 8𝜋

4𝜋
𝑅

𝐾Ψ (𝐾)𝑠𝑖𝑛(𝐾𝑅)𝑑𝐾
𝐾 Ψ

𝑠𝑖𝑛(𝐾𝑅)
1−
𝑑𝐾
𝐾𝑅

(2.56)

Since this model is limited in the inertial range, some modified spectrum models, such
as modified von Karman spectrum, Tartarskii spectrum, are developed to extend it
beyond the inertial range and to fit the experimental results.
This statistical description is often used to emulate the randomness of the turbulent
medium. A random medium can be emulated by one single or multiple parallel phase
screens, which are the thin slabs containing the turbulence information. These phase
screens can be generated with Monte Carlo phase screen method [50]. The output is a
two-dimensional matrix of sampled points in accordance with the power spectrum we
choose, such as Eqn (2.55) or more sophisticated ones. Once we have the phase screens,
we can launch the undisturbed field through them, and analyze the impact of
turbulence at receiving side by examining beam wavefront, irradiance distribution, etc.

2.3.1.1 Spatial Modes in FSO
To apply spatial division multiplexing in free space optical systems, we also need to
generate the orthogonal spatial modes (what we also do in optical fibers). However, the
eigenmodes in free space will evolve due to diffraction, which makes the decomposition
by the original modes very difficult. And it is quite different as compared to optical
fibers where the intensity profiles of the optical modes will stay pretty much unchanged.
The Hermite-Gaussian (HG) and Laguerre-Gaussian (LG) modes are the most
commonly used eigenmodes of beam propagation in free space. They are obtained by
solving the paraxial wave equation in rectangular coordinates and cylindrical
coordinates, respectively. Because of the finite initial beam size, various angular
spectrum components lead to the spreading along the propagation direction, which is
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known as diffraction. In an ideal homogenous and isotropic medium, the evolving of the
eigenmodes can be obtained by solving wave equation or by using a more general
method such as the Fresnel approximation. Assuming the LG modes as example [51],
the field at distance z can be described by equation
𝑢 (𝑟, 𝜃, 𝑧)
𝐶
𝑟√2
=
𝑤(𝑧) 𝑤(𝑧)

||

𝑒𝑥𝑝 −

𝑟
2𝑟
𝑟
||
𝐿
𝑒𝑥𝑝 −𝑖𝑘
𝑤 (𝑧)
𝑤 (𝑧)
2𝑅(𝑧)
𝑧
𝑧

× 𝑒𝑥𝑝(−𝑖𝑘𝑧)𝑒𝑥𝑝 𝑖(2𝑝 + |𝑙| + 1)𝑡𝑎𝑛

(2.57)

𝑒𝑥𝑝(−𝑖𝑙𝜃)

where 𝑙 is the azimuthal index, 𝑝 is the radial index, 𝐶 is the normalization coefficient,
||

𝑤(𝑧) is the beam radius at distance z, 𝐿 is the generalized Laguerre polynomial, 𝑅(𝑧)
is the wavefront curvature, and 𝑧 is the Rayleigh range.
If we want to use the multiplexed LG modes as spatial channels to convey the signals,
we need to select out a specific field in Eqn (2.57), which is rather complex. However, if
we ignore the radial component and focus on the azimuthal term we can find that mode
structure is rather simple and stable throughout the propagation. Accordingly, the LG
mode shows a well-defined orbital angular momentum (OAM).
Any two rotational symmetric fields 𝑢 (𝑟, 𝜃, 𝑧) = 𝐴 (𝑟, 𝑧)𝑒𝑥𝑝(−𝑖𝑙𝜃) are orthogonal
as long as their azimuthal indices are different, so we have that
𝑢 (𝑟, 𝜃, 𝑧) 𝑢∗ (𝑟, 𝜃, 𝑧)𝑑𝑟 ∙ 𝑟𝑑𝜃 ∙ 𝑑𝑧
=

𝐴 (𝑟, 𝑧)𝐴∗ (𝑟, 𝑧)𝑟𝑑𝑟𝑑𝑧

∙

𝑒𝑥𝑝(−𝑖(𝑚 − 𝑛)𝜃)𝑑𝜃 = 𝛿

(2.58)

This orthogonality enables us to separate these OAM modes at the receiving side [52],
even the intensity profile is complex. Because of the well-defined OAM structure, the LG
modes are usually used for realization of OAM modes. By setting the radial index to zero,
the initial modes can be represented by function
𝑢 (𝑟, 𝜃) = 𝐴(𝑟)𝑒𝑥𝑝(−𝑖𝑙𝜃)
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(2.59)

where 𝑙 = 0, ±1, ±2 …, and each 𝑙 represents an independent mode. Since we use zero
radial index for simplicity, the intensity profile is a 2D Gaussian function, while the
wavefront has the vortex phase distribution. When 𝑙 ≠ 0, there will be singularity at the
center of the beam profile, so the intensity plot becomes a ring. Furthermore, as 𝑙
increases, the hole grows larger and larger.

Fig 2. 13: intensities (left) and phases (right) of OAM modes from 𝐿𝐺 , where 𝑙
equals to (a) 0, (b) 1, (c) 2, (d) 3
When analyzing the impact of turbulence on an optical transmission system, the
impairments that we care about are commonly: beam wandering, loss of spatial
coherence, scintillation, etc., which change the intensity and phase of the received
beam similar to the case of coherent detection [53]. However, when we try to
implement multiple spatial channels, in a transmission system, we are also interested in
the coupling between different modes [47].
As discussed in Section 2.1.1, to demultiplex the mixed modes, we decomposed the
received optical field into spatial eigen modes. Since OAM structure strongly depends on
the wavefront of the field, when the turbulence scrambles the phase plane, the
decomposition will be severely influenced. All this leads to the crosstalk between spatial
modes.
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Different from the crosstalk in optical fibers, the coupling in free space is not a linear
transformation, so digital process is quite difficult. Several methods are developed to
physically recover the phase error, among which adaptive optics (AO) is well studied [47,
54].
The impact of optical power loss (absorption and scattering) during propagation
cannot be overcome, but it is possible to optimize system design with selection of
modulation, error coding, and detection strategies that would contribute to the increase
of the product between transmission capacity and the FSO transmission distance [55].
System optimization is inevitably related to the characteristics of the FSO channel. On
the other side, it was shown that different compensation methods (such as employment
of adaptive optics systems) can be applied to mitigate the effect of air turbulence to the
FSO channel capacity, which is again highly dependent on the transfer function of FSO
channel [56]. From that perspective, both an accurate modeling of the FSO channel and
properties of atmospheric turbulence, as well as the measurement of key channel
parameters are of paramount importance. In the next section, we will explain a novel
method we developed to estimate the turbulence strength based on the wavefront
reconstruction.

2.3.2 Estimation of Coherence Diameter
As explained above, there are several established theories and models regarding the
structure and properties of FSO channels that are developed to include the atmospheric
turbulence effects, which can be applied to predict the impact of turbulence on the laser
beam wave-front and thus help with the evaluation of performance of FSO systems. In
most of the models, the information about refractive-index structure constant 𝐶 is
required, which could be a challenging task if 𝐶 has to be measured directly [57].
Accordingly, it is the common practice to measure some other relevant parameters
(such as the structure function [58], isoplanatic angle [59], etc.), which are related to
𝐶 in given transmission scenario, and then extract the 𝐶 from measured results, or
directly use these parameters to describe the turbulence fluctuations.
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Among those parameters, knowing value of atmospheric coherence parameter (also
known as the Fried parameter or coherence diameter [60]) is very useful with respect to
considered FSO channel [61]. The coherence diameter, usually denoted as 𝑟 , provides a
statistical description of the strength of turbulence and its impact on the spatial
coherence of optical waves following their paths through turbulent atmosphere.
Originally, the coherence diameter is used to predict the resolution of imaging system
[60]. However, the value of 𝑟 is also relevant to free space communication channel
since it can provide a valuable information, especially in the case when the performance
of the system is sensitive to the wavefront distortion. As an example, it can be utilized
to estimate the SNR of a coherent detection scheme [53] or the crosstalk of OAM modes
in spatial division multiplexing transmission [55, 62].
The coherence diameter is related to the integral of 𝐶 over the propagation
distance, which can be expressed as [56],
𝐶 (𝑧′)𝑑𝑧′

𝑟 = 0.423𝑘

(2.60)

where 𝑘 = 2𝜋⁄𝜆 is the wave number, while integration is done along the propagation
path from a starting point (s) to a destination point (d). Therefore,𝑟 reflects the total
fluctuation introduced by the turbulence, which is the reason that the use of coherence
diameter can be conveniently extended to represent the strength of turbulence with
respect to some other effects or parameters, such as the beam wander and angle of
arrival fluctuation [63, 64], which may be of interest in some specific application
scenarios.
Having in mind the importance of coherence diameter, here we present the
methodology for its evaluation based on wavefront reconstruction and provide the
experimental verification of the established model. By adopting the Kolmogorov
propagation model, a convenient relation between the wavefront error variance and
the atmospheric coherence diameter 𝑟 is obtained. We have used the Shack-Hartmann
sensor to reconstruct the wavefront and then to calculate the wavefront error and
estimated value of the coherence diameter. By knowing 𝑟 , the refractive-index
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structure 𝐶 (𝑍, 𝑡) as function of a specific site (defined by coordinate Z) and time t can
be obtained. Furthermore, 𝐶 can also be calculated in the case where the refractiveindex structure can be considered as a constant along the propagation path.

2.3.2.1 Principles of the Measurement
Following the conventional assumptions that the turbulence is statistically
homogeneous and isotropic, as well as temporally ergodic, the phase structure will take
the form of the time average over the difference between the phases at two specific
points, [56]
𝐷 (𝑟⃗, 𝑟⃗) = 𝐷 (𝑟) = 〈[Φ(𝑟) − Φ(0)] 〉
= [Φ(𝑟, 𝑡) − Φ(0, 𝑡)]

(2.61)

where 𝑟 = |𝑟⃗ − 𝑟⃗| is the distance between two positions expressed in polar
coordinates, 𝐷 (𝑟) is the phase structure function of the wave related to position
difference |𝑟⃗ − 𝑟⃗|, and Φ(𝑟) is the phase of the wave at the position defined by
distance 𝑟 from the origin.
In order to evaluate the amount of distortion, we can use a plane wave as a
reference. Namely, when the plane wave propagates through the atmospheric
turbulence, its wavefront will be distorted and defined by the turbulence impact. The
instantaneous wavefront error variance over the aperture with a specific radius (𝑅) can
be expressed as
𝜎 (𝑅, 𝑡) =

∫

∫

Φ(𝑟, 𝜑, 𝑡) − Φ(0,0, 𝑡) 𝑟𝑑𝑟𝑑𝜑
∫

∫

𝑟𝑑𝑟𝑑𝜑

(2.62)

In essence, Eqn (2.62) presents the average of the deviations between the distorted
wavefront and the reference plane wave accounted over the entire aperture.
Now, a convenient relation between the wavefront error variance and the phase
structure function can be obtained if the time averaging is applied to both sides of Eqn
(2.62). If we assume that the turbulence is statistically homogeneous and isotropic, the
time average of wavefront error variance will be equal to the spatial average of phase
structure function, which is
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𝜎 (𝑅, 𝑡) =

1
𝜋𝑅

Φ(𝑟, 𝑡) − Φ(0, 𝑡) 𝑟𝑑𝑟𝑑𝜑
(2.63)

1
=
𝜋𝑅

𝐷 (𝑟)𝑟𝑑𝑟𝑑𝜑

where 𝐷 (𝑟) is the phase structure function.
This equation can be now utilized to extract the coherence diameter if we directly
apply the Kolmogorov turbulence model [61, 63]. Namely, for a plane wave it is
𝐷(𝑟) = 𝐷 (𝑟) + 𝐷 (𝑟) ≈ 6.88(𝑟⁄𝑟 )

⁄

(2.64)

where 𝐷(𝑟) is the wave structure function and 𝐷 (𝑟) is the log-amplitude structure
function. Since it is customary to consider that the phase structure function is the
dominant term in Eqn (2.64), the phase structure function can be expressed as
𝐷 (𝑟) ≈ 6.88(𝑟⁄𝑟 )

(2.65)

⁄

Now we have that the averaged wavefront error variance is
𝜎 (𝑅, 𝑡) ≈

1
𝜋𝑅

6.88(𝑟⁄𝑟 )
= 3.75 × (𝑅 ⁄𝑟 )

⁄

𝑟𝑑𝑟𝑑𝜑

(2.66)

⁄

which means that the value of atmospheric coherence diameter can be estimated by
calculating the time average of the wavefront error variance as
𝑟 ≈

3.75 × 𝑅

⁄

(2.67)

𝜎 (𝑅, 𝑡)

2.3.2.2 Experimental Setup
According to Eqn (2.67), it is necessary to measure the time average of the wavefront
error variance over the corresponding aperture to collect data for the coherence
diameter evaluation. For that purpose, we established experimental setup that is shown
in Fig 2. 14. We used beam expander and beam contractor to adjust the size of the
wavefront. By using the Shack-Hartmann (S-H) sensor, we are able to detect the
“instantaneous” wavefront Φ(𝑟, 𝑡) of the collimated beam with and without turbulence
distortion. We adjusted the exposure time per a single measurement of the wavefront
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Fig 2. 14 Experiment setup with adjustable expansion and contraction lens groups that are
implemented; the ratios of expansion are 1, 1.7, 3.4, and 6.8.
to be 150ms, while 1000 samples of wavefront measurement data are taken to calculate
the time average of σ (𝑟, 𝑡). As we can see in Fig 2. 14, we use the FSO chamber that we
constructed to induce the turbulence by establishing the temperature gradient along
the chamber and flows of hot and cold air. The average temperature that the beam
encountered has been around 40-50C degrees.

Fig 2. 15 (a) A typical wavefront that is reconstructed; (b) the reference plane has been
subtracted
In order to increase the accuracy of the measurement, the restrictions caused by the
aperture size should be eliminated. Namely, the main restriction in the lab setup relates
to the fact that the aperture size of the SH sensor (3.5mm × 3.5mm) is not much larger
than the inner scale 𝑙 of the turbulence (shown in the experiment results below).
Therefore, the beam needs to be expanded to collect enough information about
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turbulence over a relative large area and then to be contracted to match and make use
of the full aperture size of the wavefront sensor. By doing so, the effective aperture of
sensor is expanded. The adjustable expansion and contraction was done by
corresponding lenses in four cases with the ratios of expansion equal to: 1, 1.7, 3.4, and
6.8, respectively (please see Fig 2. 14).
We should notice that aberrations caused by optical components are inevitable if we
apply the configuration from Fig 2. 14. However, since this distortion is static in nature
for a specific setup, they can be eliminated by subtracting a reference plane wave data
which are measured without turbulence (new reference plane wave data are recorded
when the system is adjusted to a new expansion ratio). Another advantage of
subtracting the reference plane wave data is that the formula for coherence diameter
derived above is based on the assumption that a plane wave is launched, but in reality,
only collimated beams (Gaussian beams) are available for lab experiments. Therefore, in
the method we introduced, the curvature due to the diffraction of a confined beam can
also be diminished.

2.3.2.3 Results and Discussion
If we apply the definition of wavefront error variance presented above, we can
establish the mapping between 𝜎 (𝑅, 𝑡) and aperture radius 𝑅, which is presented in
Fig 2. 16.a. According to Eqn (2.67), coherence diameter is calculated as a function of
the sensor aperture radius (please see Fig 2. 16.c), and it is not surprising to see that 𝑟
is not a constant when the aperture radius is small. We can attribute that to the fact
that the Kolmogorov model is asymptotically true within the inertial range 𝑙 ≪ 𝑅 ≪ 𝐿 .
The inner scale 𝑙 is usually in the range from several millimeters to several centimeters
and its value will decrease as the turbulence grows stronger. At the same time, the
outer scale 𝐿 has the magnitude in order of meters, which is not a factor in our
experiment. Since the size of 𝑟 in 𝐷(𝑟) per Eqn (2.64) is comparable with 𝑙 , the
Kolmogorov model may not be quite precise.
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Fig 2. 16 Experimental results for channel with strong turbulence: (a) wavefront error variance
measured for four ranges; (b) comparison between the measured data and theoretical
predication of the wavefront error variance; (c) estimated coherence diameter 𝑟 in terms of
the aperture size of wavefront sensor.
However, as shown in Fig 2. 16.c, when the effective aperture radius increases, the
estimated coherence diameter gradually reaches an asymptotic value (about 5.1mm in
our case), which means that limitations of the Kolmogorov model are effectively
eliminated. To check the validity of our method, the asymptotic value of 𝑟 is
substituted back into Eqn (2.64). We confirmed that the theoretical curve of the
wavefront error variance vs aperture radius is in a quite good agreement with the
experimental data, which is also valid for the case with very high turbulence level.
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Fig 2. 17 Estimated 𝑟 in terms of the aperture size of wavefront sensor for the weaker
turbulence scenario.
However, we have to outline again that the precision of proposed method heavily
depends on the maximum beam radius that the wavefront sensor can detect, which
should be taken into account during measurements. For a weak turbulence scenario, a
larger effective aperture is required since 𝑙 will also become larger. In our case, we
were limited by the size of SH sensor so the curve shown in Fig 2. 17 cannot really go
deeper into the inner range. Accordingly, the estimated value of 𝑟 does not arrive at a
stable asymptotic level, while the deviation between experimental data and theoretical
prediction becomes larger. This is easy to correct if a larger aperture is used, which will
automatically produce more accurate results. Comparison between measured and
theoretic wavefront error variance against sensor aperture for the weaker turbulence
scenario is presented in Fig 2. 18.
Finally, to have a more accurate evaluation of coherence diameter in case when the
radius of available wavefront sensor’s aperture is quite close to 𝑙 , we can use a
different model. As an example, we can use the modified von Karman model as we did
in in our previous work [47]. However, the use of Kolmogorov model can bring the
advantage in number of cases due to relative simplicity of the overall evaluation method.
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Fig 2. 18 Comparison between measured and theoretic wavefront error variance against sensor
aperture for the weaker turbulence scenario. Measured aperture radius was in the range from
4.8 to 11.5 mm.
2.3.2.4 Conclusion
Atmospheric coherence diameter is an extremely useful parameter suitable to
describe the impact of the air turbulence on the structure function of optical waves. It is
as also an instructive indicator to predict the performance of free space optical systems
that are operating in conditions related to the wavefront distortion. In this of
dissertation, we introduced the model establishing a direct relation between the
wavefront error variance and the phase structure function and proposed a method for
estimation of the coherence diameter by collecting the wavefront data of a collimated
beam over a relatively short period of time. The precision of this method depends only
on the maximum effective aperture of the sensor that is employed in the experimental
setup. Without increasing evaluation complexity, it is desirable to employ a sensor with
larger aperture in order to produce more accurate results.
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CHAPTER 3
OPTICAL NETWORKS BASED ON SDM

In Chapter 2, we discussed the applications of SDM in the transmission level. In this
chapter, the focus will be on the optical networks in which SDM is implemented. When
considering the point-to-point signal transmission, we are often interested in the
physical properties of the source, channel and detector, and signal coding and
processing methods to improve the system performance. Building on this foundation,
there are several unique problems needs to be addressed in optical networks, mainly
focused on how to allocate the network resources, such as light paths, spectrums,
spatial channels, etc., to guarantee the system performance, including low blocking
probability, large available bandwidth or throughput, etc.
In the following sections, an advanced structure of optical networks with SDM is
explained. We will first introduce the structure of the advanced optical networks with
flexible spectrum grids and multi-spatial channels, and the problems that occur in this
new scheme when assigning network resources. In section 3.2, we will explain the work
on investigating the impact of crosstalk on the multi-dimensional optical metro network,
and propose a novel method for its mitigation. Next, in Section 3.3, an extended
metro/access optical network structure is discussed, and the viability of SDM in such an
architecture is analyzed.

3.1 Background
Optical networks are characterized by never ending bandwidth demand, as well as by
request for highly dynamic and flexible bandwidth distribution and assignment. A
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number of networking functions over specified network architecture can be performed
either in optical or in electrical domain.
As we know, advanced adaptive modulation, multiplexing, coding, and detection
schemes can contribute not only to the total information capacity increase, but to
network dynamic operation as well [65]. The management of traffic in electrical domain
is strongly dependent on the underlying protocols that determine how to route packets
from the source to destination and advertise for available network resources. In respect
of this, it is highly desirable to enable both data and control planes to efficiently support
emerging network services. In parallel, it is necessary to fully exploit network functions
in the optical domain in order to maximize network throughput and capitalize on
advanced photonic technologies that help to reduce the power consumption and signal
processing time [1].
So far, the employment of spatial modes in optical fibers has been intensively
explored as a mean to increase the overall optical fiber channel capacity [66].
Accordingly, different aspects of spatial division multiplexing (SDM) have been explored
and a number of advanced experiments with SDM technique have been presented [66,
67]. On the other side, spatial modes can also be used as networking tool in such a way
that interworking between spatial and spectral entities can be established [68, 69]. With
introduction of spatial modes, the routing and resource allocation topic in the SDMbased networks becomes meaningful for further investigation, which is very important
for elastic optical network architecture. Namely, maximization of the network
throughput and optimization with respect to the use of network resources leads to the
conclusion that network design would include arrangement of spectral slots in a flexiblegrid pattern, adaptive adjustment of constellation size and coding strength in coded
modulation formats, and multidimensional detection strategies with multiple-inputmultiple-output (MIMO) schemes in place. Some of these aspects have been analyzed in
[70-74], where algorithms are proposed for the so-called RMSCA (routing, modulation,
spectrum, core assignment) problem. However, some important aspects, such as the
impacts of spatial mode crosstalk and structure of spectral slots in RMSCA, have not
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been fully investigated. In the meantime, the conventional routing problem is only
limited to the backbone and metro part, and it is an interesting topic to extend it to the
end users.
Before explaining our work on solving these problems, let us briefly go through the
important features of the optical network, and see how they impose specific constraints
to our problem formulation.

3.1.1 Structure of Optical Network
Generally, a computer network is a system that connects numbers of end devices and
enables information transfer between them. A typical network is composed of nodes
and links. A node switches data streams, such as packets or optical wavelengths, to its
adjacent nodes through the communication links, and any two end systems can be
connected by such consecutive nodes and links. An optical network is just a network
that uses light to convey information. Because of the lack of ability to process light
directly, at beginning, the signal encoded in optical waves are detected and regenerated
at each node, and all the switching and intelligent network management are handled by
electronics. The well-known SONET (synchronous optical network) and SDH
(synchronous digital hierarchy), which provide interface between network clients, such
IP routers to optical layer, are examples of this approach.
Because of the high power-consumption and the long processing time of electronic
devices, it is always desirable that signals remain in the optical domain for all or much of
its transmission from the source to destination. Therefore, the processing in electric
domain are replaced by techniques in optical domain, such as optical amplification
(EDFA and Raman amplifier), optical switching (ROADM), impairment compensation, etc.
However, our direct control in optical domain is still very limited since we cannot read
the information without converting them into electric waves. Accordingly, the
granularity of switching and routing in optical domain is usually limited to wavelengths
or spatial modes, rather than to packets, which is essentially circuit switching approach.
Here in this part of our work, the resource allocation problem in optical networks is
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related to the transparent scenario in which the electric processing is almost eliminated,
since the switching happens in the optical domain, unless stated otherwise.

Fig 3. 1 Hierarchical structure of a typical optical network per network segments
An optical network is a complex system, especially when it scales to the nationwide
and worldwide size. It is customary to divide it into several layers or hierarchies to
simplify the operation and management. Based on the role performed within, the
network can be conceptually divided into five layers: application, transportation,
network, link, physical ones [1, 75]. A lower layer provides services to the upper one,
but each layer keeps highly independent operation. As long as the interface can provide
the same requests and services, the actual implementation of each layer does not
matter. From this perspective, our study of optical network is more focused on the
physical and link layers. We should mention that, based on its geometric distribution,
the optical network is often divided into several segments or tiers: backbone/core,
metro, access network, as shown in Fig 3. 1.
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The backbone network can cover one or several nations and is the foundation for
modern Internet services. It serves millions of customers and spans for thousands of
kilometers. The mesh topology, which provides large numbers of optional paths, gives it
high resilience to link failures, as well as the high resource utilization. The metro
network segment is very similar as the backbone network, but has a smaller size. It
covers states/provinces and cities, distributing the data to the central offices (CO). It has
a mix of mesh and ring topologies, thus balancing the service reliability and cost.
The conventional routing problem is defined in the backbone and metro optical
networks, which is closely associated with the switching at network nodes. According to
the traffic demands, which can be of long-term or short-term duration, the network
plan needs to determine, as an example, how to route traffic through the network, how
to assign wavelengths for requests between nodes, how to minimize the blocking
probability, etc. Since the network is generally an extremely complex system involving
tens or hundreds of nodes in each tier and limited by the ability of fast computation, the
planning process in these networks heavily relies on heuristic methods. It is extremely
difficult to provide an optimal solution for specific routing problems, but, in most cases,
the solutions that satisfy our demands at reasonable costs can be found.
As to the access network, it is the last part that distributes the data streams to the
final end-users. Because the topological architecture, traffic features, and cost targets of
an access network are quite different from the other network segments, the approach
to study an access network is also different. As moving from the core to the edge of the
network, the infrastructures are shared by fewer users, which makes the access network
much more price-sensitive. Similarly, with fewer users, the fluctuation of traffic is more
significant. To impose a reasonable control the capital expenditure (CAPEX) and
operational expenditure (OPEX), the point-to-multipoint passive optical network (PON)
as the major architecture for access network that corresponds to the tree topology, is
proposed.
There are several standardized PON technologies currently deployed [76], such as
Gigabit PON (GPON), Gigabit Ethernet PON (GE-PON), 10 GPON (XG-PON), etc. The basic
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idea is quite similar, which is that limited but separate wavelengths are allocated to
downstream (DS) and upstream (US) traffic streams. For the downstream, all optical
network units (ONU) will receive the same bandwidth broadcasted from optical line
terminal (OLT). OLT uses a power splitter (PS) to reach many ONUs in a cost-effective
way. The signals for each ONU are divided and ordered in time. With time division
multiplexing (TDM), each end-user receives all the time slots, but only selects those
addressed to them. For upstream direction, multiple ONUs will share the same channel
per algorithm developed to avoid the collision in time.
To accommodate the future network demand, many new PON technologies are
proposed [76, 77] to improve the system reach, network capacity, and users count. To
push capacity beyond 10 G, more dimensions are utilized. The WDM, TWDM (timewavelength) [77], WSDM (wavelength spatial) [78] PON, etc., architectures have been
explored.
We should note that although core and access segments of the network can be
supported separately, they are usually connected at some point by using OEO
conversion. In Section 3.3, we will explain the results of our investigation on the viability
of an all optical network architecture from core to access segments while considering
the application of SDM, and analyze the optimization procedures with respect to
resource utilization, operation complexity, etc.

3.1.2 SDM-based Elastic Optical Network
In the basic concept of elastic network [79], the allocation of the spectrum slices is
flexible and depends on the capacity requirements for each connection. With finer
granularity in the spectrum assignment, the utilization of the available optical spectrum
is improved. We can assume that spectral slices can be increased/decreased by specified
granularity (i.e. by changing the number of subcarriers within the slice). At the same
time, different modulation formats may be applied according to the performance
requirements and available spectral slots [1], which also changes the occupied
bandwidth. If the transmission distance is short enough, modulation formats with high
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spectral efficiency, such as 64-QAM, can be selected to reduce the bandwidth of the
required spectral slot. To generate and switch/route flexible spectrum slots in an elastic
network, bandwidth variable transceivers (BVT) and bandwidth variable wavelength
selective switches (BV-WSS) are required. Accordingly, as compared with conventional
network, there is an additional ‘contiguity’ constraint in the bandwidth routing process.
Namely, at the source side, several spectrum slots can be bundled together to convey a
signal whose bandwidth is wider than a single spectral slot and these slots need to stay
contiguous until they reach the destination side.
We should also have in mind that, during a dynamic routing process in an elastic
network configuration, establishing and releasing connections with mixed-sized
bandwidth will break the spectrum into fragments, and hence reduce the utilization of
the network resources. To successfully transmit data flow with given spectral efficiency
and modulation/coding format from source to destination, the signal to noise ratio
(SNR), as a benchmark, is required to stay above the threshold corresponding to that
specific modulation/coding format. Adding spatial degree of freedom opens a new
avenue in the elastic network design and optimization.
As to SDM employment, it has been intensively explored for the past 5-6 years, which
is well described in the survey paper [80]. While employment of multi-core fibers (MCF)
and few-mode fibers (FMF) can increase the number of orthogonal basis functions and
the overall channel capacity, both the design and employment of these fibers should be
carefully engineered [37], which may also include eventual employment of MIMO to
actively compensate for the crosstalk between individual spatial modes. To initiate a
lightpath involving spatial modes, key elements for generation, coupling, and switching
of spatial modes should be in place, which is experimentally demonstrated [69].
If spatial modes are introduced in optical networks, we can expect that it will result in
throughput and utilization increase. However, spatial channels on each physical link will
also make the assigning problem more complex since more degree of freedom will be
available. Also, with respect to physical impairment awareness problem, an additional
impairment source will emerge on each link since signal quality on each spatial mode
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may be affected by crosstalk (XT) coming from other spatial modes. Algorithms to
suppress XT, such as ones proposed in [70, 81], can be applied. In respect to this, it was
shown in [82] that an integer linear programming (ILP) method can used to obtain the
optimal solution in terms of the resource utilization with respect to RSCA problem.
However, in that case the modulation format is fixed, and the ILP method is no longer
practical if an adaptive modulation selection is included. Namely, because of the
crosstalk impact, the newly established paths may affect the old ones, and the
previously assigned modulation formats may no longer guarantee required transmission
quality.
In this part of our dissertation, we analyze the impact of crosstalk on resource
utilization and propose a new method to optimize the selection of modulation formats
from the available modulation set so that the solution of RMSCA problem leads to lower
blocking probability, better utilization, and to higher network throughput. The related
work is explained in Section 3.2.
Following our discussion in section 3.1.1, we should mention that consideration of
spectral-spatial arrangement for networking is not limited to metro/core networking
segments, but extends to optical access networks as well [76, 78]. This goes along with
the effort to accommodate future traffic demands in optical access networks and save
on both CAPEX and OPEX.
In multidimensional network environment with plurality of spectral and spatial
components, we can assume that transparency and ‘blurring’ of the boundaries
between different optical network segments become more meaningful. As an example,
we can say that the long-reach PON (LR-PON) architecture [83], in which the metro
network is absorbed in the access network, can be considered as a reference that
network performance can be enhanced by the employment of spatial modes.
We presented some results of our investigation in the paper [84], while taking a
comprehensive approach with respect to optical transparency extension to the network
edge and access. In that respect, we have proposed a multidimensional access network
architecture with different levels of spectral-spatial interworking while considering its
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connection to metro/core networking segment through an edge node. We have
considered the impact of the optical grooming on the spectrum utilization in an access
network and bottlenecks in the dynamic bandwidth distribution. As a result, optimized
network scenarios have been identified with respect to established design constraints.
The related work is explained in the Section 3.3.

3.2 Impairments Aware Resource Allocation
As discussed above, elastic optical network (EON) with spatial division multiplexing
(SDM) is a promising solution to the current capacity problem. By increasing the
utilization of the spectrum and exploiting the spatial dimension, such as using multi-core
fiber (MCF), the capacity of the SDM-EON can greatly surpass the limit of single fiber
network. However, the structure of this new network system requires more complicated
methods to allocate the resources, that is routing, modulation, spectrum, core
assignment (RMSCA). The major purpose is to maximize the throughput supported by
the system. Based on the conventional routing problem, we have new constraints on
the spectrum contiguity, physical impairments in terms of intercore crosstalk, etc.
In this section, let us introduce the “first fit/least loaded” dynamic routing method in
SDM-based metro/core optical networks and generate algorithms to analyze the impact
of the key network parameters on its performance. The interworking between spectral
and spatial modes, including the impact of spatial mode crosstalk on the selection of
modulation formats and allocation of spectral slots, is investigated in more details and
optimization procedure is proposed.

3.2.1 Multidimensional Network Model
Let us approach to resource allocation problem from the angle of optimization of
modulation formats in the presence of crosstalk from multiple spatial channels. The
common practice in selection of modulation formats is to choose the attainable one
with the highest spectral efficiency (SE), which depends on instantaneous state of
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network. However, the key point is that when more traffic demands are coming into the
system, the signal to noise ratio (SNR) on designated lightpath will be affected due to
presence of crosstalk from other (mostly adjacent) spatial channels. It can happen that
SNR can be even pushed below the threshold related to modulation format already in
place. By using formats with the highest spectral efficiency is preferable, but it will also
introduce the smaller margin with respect to required SNR. Consequently, this will limit
the utilization of the links on related lightpaths and increase the blocking probability.
As an illustration, let us assume that we have three spatial channels and that QPSK
and BPSK modulation formats are available on each of them. We can define that
required SNR thresholds are 10 dB and 6 dB for QPSK and BPSK, respectively. Now, let us
assume that the SNR of signal on one of the spatial channels is 11 dB with QPSK format
in place, but it relates to a temporarily case when there are no data flows in other two
spatial channels. However, situation can be dynamically changed since some traffic can
occur on one or both of two other channels, thus causing interchannel crosstalk with
respect to spatial channel in question. If crosstalk causes SNR value to drop by more
than 1 dB, the quality of service will be violated. Now we can select modulation formats
on each channel by one of the following two methods: a) Employ QPSK on the first
channel; Since the SNR can drop below 10 dB if we transmit signals on channel 2 or 3,
these two channels have to remain empty. In this case the total throughput will be
equal 2 units (2 𝑢𝑛𝑖𝑡𝑠 = 1 𝑐ℎ𝑎𝑛𝑛𝑒𝑙 × 2 𝑏/𝑠 𝑜𝑓 𝑆𝐸 × 𝑠𝑝𝑒𝑐𝑡𝑟𝑢𝑚 𝑏𝑎𝑛𝑑𝑤𝑖𝑑𝑡ℎ) ; b)
employ BPSK on the first channel; Since the SNR threshold is now 5 dB even we use
channels 2 and 3, the SNR will be still above the required threshold. In this case the total
throughput will be equal to three units

3 𝑢𝑛𝑖𝑡𝑠 = 3 𝑐ℎ𝑎𝑛𝑛𝑒𝑙𝑠 × 1 𝑜𝑓 𝑆𝐸 ×

𝑠𝑝𝑒𝑐𝑡𝑟𝑢𝑚 𝑏𝑎𝑛𝑑𝑤𝑖𝑑𝑡ℎ . Therefore, from the example above, it is clear that selecting
modulation format with a moderate spectral efficiency instead of the highest one can
increase the total throughput in the SDM-based optical network. Let us examine the
optimum options for core/metro network architecture.
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3.2.1.1 Crosstalk Estimation
Depending on the network topology and employed bit rates, signal crosstalk between
spatial channels may or may not require an active compensation. It is well known that in
transmission systems, when level of acquired crosstalk exceeds acceptable margin, the
MIMO technique has to be used with coherent detection and digital signal processing in

Fig 3. 2 core 4 is the core of interest, core 1-3 are adjacent cores. Only the
overlapping spectrums will affect the signal in core 4 through crosstalk.
place. In general, to compensate for the coupling between multiple modes in
transmission systems, signals in all spatial modes have to be jointly detected. However,
in the network environment spatial channels can be freely routed following different
paths, which means that the coupling correlation between these channels are
impossible to trace at the receiving side, and the use of MIMO technique does not
become feasible.
When considering SDM-based networks, there is the case for MCF employment in
core/metro networks since the mode coupling is generally not strong and the crosstalk
can still be below the system margin level even after long-haul transmission. The
crosstalk impact in MCF is evaluated in [37] by taking into account the random bending
of the MCF fibers and the following expression is experimentally verified
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+1 ∙2

(3.1)

is the number of adjacent cores, 𝜅 is the coupling coefficient (typically to be

around 5 × 10 ), R is the bending radius (typically to be around 0.1 m), 𝛬 is the core
pitch (we assumed a typical value of 35 𝜇𝑚), and L is the total fiber length measured
from the source to destination. It is well known that interchannel crosstalk is a linear
impairment, which implies that only the signal with the same frequency will be affected,
while the frequencies outside of signal bandwidth can be filtered out in later processing.
When the crosstalk is weak, the ratio of interfering power for each slice from one
adjacent core can be simplified as:
𝑋𝑇 = 2

𝜅 𝑅
𝐿
𝛽 Λ

(3.2)

It is well known that interchannel crosstalk is a linear impairment, which implies that
only the signal with the same frequency will be affected. If the frequency of the coupled
power is outside the signal bandwidth of interest, this crosstalk will be filtered in later
processing.
The logical approach to initiate modulation formats selection in RMSCA process can
be done by recognizing the widest spectrum slice and evaluating the incoming crosstalk
impact having in mind the threshold for the applied modulation format, as illustrated in
Fig 3. 2. However, this approach could lead to overestimation of the crosstalk impact if
we treat it as another noise source.
Herewith we propose a more accurate method to calculate the impact of crosstalk on
SNR, which can be used to determine the modulation format with the highest spectral
efficiency that can still be employed. Namely, we can start from calculating energy 𝐸
that is coupled into the signal symbol through crosstalk process, which is
∑
𝐸

=𝑃

∙𝑇 =

∫

𝑋𝑇 ∙ 𝑃𝑆𝐷 (𝑣)𝑑𝑣
𝐵
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∙𝑇

(3.3)

Fig 3. 3 𝑆𝑁𝑅
as the function of propagation distance, with and without crosstalk
between spatial modes
where 𝑇 is the symbol duration, 𝑛

is the number of adjacent cores, 𝑃𝑆𝐷 (𝑣) is the

power spectral density of the signal in the core in question, 𝐵 = ∫

𝑑𝑣 represents the

spectrum occupied by the signal of interest. As shown in Fig 3. 2, the neighboring PSDs
will not cover the entire signal spectrum. Accordingly, crosstalk will not have an impact
to the signal unless their spectrums are overlapping, in which case only that overlapping
portion expressed as XTs should be considered. As a reference, we can assume that the
profile of the spectrum has a rectangular shape and the integral ∫

𝑋𝑇 ∙ 𝑃𝑆𝐷 (𝑣)𝑑𝑣

becomes a product 𝐵 × 𝑋𝑇 × 𝐹 × 𝑃𝑆𝐷 , where 𝑃𝑆𝐷 is the power density of signal
(here we assume it is -10 dBm per spectrum slice), which is assumed to be a constant
regardless of the symbol rate. Parameter 𝐹 < 1 accounts for the existence of spectrum
fragmentation. It approaches to 1 when the network is heavily loaded with the traffic.
Now, we can calculate SNR as
𝑆𝑁𝑅

𝐸 =

∫

=

𝐸
𝑁 +𝐸
(3.4)

𝑃𝑆𝐷 (𝑣)𝑑𝑣
𝐵
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∙𝑇

𝑁 =

∫

𝑃𝑆𝐷
𝐵

(𝑣)𝑑𝑣

∙ 𝑇 = 𝑁 (𝑒

− 1)ℎ𝜐 ∙ 𝑛

where 𝐸 is the symbol energy, 𝑁 is the noise energy per symbol originating from
amplified spontaneous emission (ASE), 𝑁 is the number of spans, 𝛼 is the fiber
attenuation, 𝐿 is the distance interval (span length), ℎ𝜐 is the photon energy, and
𝑛

≥ 1 is the spontaneous emission factor related to amplifier noise figure. We can

readily assume that ASE obeys the white Gaussian noise statistics [1]. Based on formulas
(3.3)-(3.4) we can calculate 𝑆𝑁𝑅

as the function of propagation distance, which is

shown in Fig 3. 3.
It is worth noting that the crosstalk intensity computed here is an average value. The
actual crosstalk at a certain time can be greater or smaller than it. Associated with the
our work explained in section 2.2.2, real time crosstalk intensity monitoring can also be
incorporated in our resource allocation algorithm, although the system complexity will
increase accordingly.

3.2.2 Resource Allocation
In this section, let us go through the planning strategies to solve RMSCA problem,
and analyze the characteristics of the network in terms of resource utilization, blocking
probability, throughput, etc.

3.2.2.1 Planning Strategies
As mentioned above, by employing the highest modulation format, the network
throughput can be reduced when traffic is heavy in spite of the opposite expectations.
Therefore, determining the starting modulation format is highly important in having an
active control of the blocking probability. For this purpose, herewith we introduce
parameter 0 < 𝜂 < 1, which represents the crosstalk intensity factor, to express the
fraction of total crosstalk that is taken into account when calculating the 𝑆𝑁𝑅
for modulation format threshold, so we have that
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value

𝑆𝑁𝑅
where 𝐸

,

= 𝑆𝑁𝑅 =

𝐸
𝑁 +𝜂×𝐸

(3.5)
,

represents the value from Eqn (3.3) assuming that all adjacent cores are

occupied. We should notice that, due to spectrum fragmentation, it is 𝜂 < 1 even if the
network is overloaded.
To define the set of modulation formats for each potential path, we can calculate the
𝑆𝑁𝑅 ’s for some optimum value 𝜂 = 𝜂 , which will determine the spectral efficiency of
selected modulation format. The lowest 𝑆𝑁𝑅 will correspond to the format with
lowest spectral efficiency (SE). As we know, modulation format with lower spectral
efficiency will inevitably consume more spectrum slots than format with higher SE. If the
modulation format with higher SE cannot be assigned since spectral slots are not
available, the same is applicable for any other format from the modulation set.
Now, to achieve the resource allocation, we can use the following heuristic strategy:
(i) select alternative paths for routing, (ii) perform the first-fit for contiguous spectrum
slices and cores assignment, and (iii) apply 𝑆𝑁𝑅 -adaptive method for selection of
modulation formats. Following are the details of the algorithm that was created and
programmed:
Algorithm for RMSCA problem
𝐺(𝑉, 𝐸, 𝐶): set network topology with V=vertex, E=edge connecting two vertices, C= the
core number;
D: create the demand set, including source destination sd, starting time 𝑡 , end time 𝑡 ,
bit rate required B
T: set time track, sort the starting and ending time points for all demands
P: calculate path candidates for each sd pair with Yen’s algorithm, 𝑝 is the candidate
set for current demand d∈D.
M: define the set of possible modulation levels. Each modulation set 𝑀 is associated
with one light path, whose highest modulation level is determined with 𝜂 = 𝜂 , the
lowest level is determined with 𝜂 = 1.
S: initialize the network state matrix with ones, with each element 𝑠
state of occupation for a specific slice slots in one core on one link
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, ,

indicating the

F: initialize the failure count with zero;
for each time point t∈T do,
if t=𝑡 , then
for each 𝑝̂ ∈ 𝑝 do,
FirstFitAssignment;
end for
if no paths can be assigned, then,
Reject d;
Increment F by 1;
End if
elseif t=𝑡 , then
Release the resource by 𝑠

̂ , ̂,

:=1 utilized by d;

end if
Record the utilization, fragmentation and traffic load of the current network
end for
FirstFitAssignment:
Start from the shortest 𝑝̂ , try the highest modulation level in 𝑀

calculated with Eqn

(3.5);
for each 𝑀 ∈ 𝑀
Let 𝑤

,

do,

be the number of slices required with the modulation format 𝑀 , and Λ

be

the set of available contiguous slices on each link of 𝑝̂ on at least one core. And each
element Λ
if Λ

of Λ

is no less than 𝑤

,

;

≠ ∅, then

for each Λ

∈Λ

do,

Compute the SNR on 𝑝̂ and all other paths inflicted by 𝑝̂ using Eqn (3.5);
if all SNRs are still above the thresholds of the previous employed 𝑀′𝑠, then
Return 𝑝̂ , 𝑀, Λ ;
Occupy the resource by 𝑠

̂ , ̂,

:=0 utilized by d;
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else
Reject Λ ;
end if
end for
else
Reject 𝑀 ;
Downgrade 𝑀 by one level;
end if
end for
if no path is assigned, then
Reject 𝑝̂ ;
end if
3.2.2.2 Numerical Results and Discussion
A. Network Model
We have used the NSFNET as our network model with parameters from [1]. Namely,
it is a mesh topology with 14 nodes 𝑛

= 14 and 21 bidirectional links 𝑛

Now, we assumed that the core number 𝑛

= 42.

on each link can vary. Next, we assumed

that the bandwidth 𝑊 supported by each core is 3.75 THz (30 nm at 1550nm region)
with flexgrid having 12.5 GHz granularity, which returns that total of 𝐵

= 300

spectrum slots. As for the multi-core fiber (MCF) structure, herewith we have focused
our attention to 7-core fiber. It is important to mention that the adjacent core number is
assumed to be 6 for all cores when using Eqn (3.5) to calculate that crosstalk in “the
worst case” scenario, but in the assignment algorithm, the XT parameter is calculated
according to the structure of 7-core fiber as shown in Fig 3. 4.b. Namely, it is accounted
that the cores 1-6 all have three adjacent cores, while the core 7 has six of them. The
assumption is that each core will only be affected by its adjacent ones. Since we applied
the first-fit method, the center core will be used as the last one in the process.
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Fig 3. 4 (a) NSFNET topology (b) 7-core MCF structure considered in the model (c)
demand distribution and resource utilization in one planning realization

Let us now consider a dynamic routing problem. Instead of planning a predefined
demand set all at a time, we can allocate the resource for each incoming demand one
by one. Like most of the related works, the arrivals of demands are modeled as a
Poisson process, the source-destination (SD) pairs are uniformly chosen, the durations
of demands obey Gaussian distribution, and the bit rate required by each demand
follows Gaussian distribution with mean value of 𝐵
demand duration 𝐷

and arriving interval 𝐼

through the network can be manipulated, 𝑇
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. By changing the ratio of average
, the average traffic load flowing

=𝐵

×𝐷

⁄𝐼

. Here we express

the traffic volume with the average traffic amount on each core of each link, that is 𝑇 =
𝑇 ⁄(𝑛

×𝑛

)/𝐵

, and by normalizing it with the slice bandwidth, it is clear to

see the efficiency of spectrum compared with total slice number 300. Fig 3. 4.c shown
one realization of RMSCA planning, the black curve is the number of demands required,
the green curve is the number of demands realized, and the red curve is the resource
utilized to satisfy the demands, which is calculated by the number of spectrum slices
used in all the links and cores.

Fig 3. 5 (a) utilization of each link in the network, (b) utilization of spectrum in one
link
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B. Impact of network utilization on the average crosstalk
Let us now first demonstrate the utilization of the spectrum slots on all 42 links (Fig 3.
5.a) while picking out the link 20 as illustration (Fig 3. 5.b), when the traffic 𝑇 =
285.6 = 3.57Tb/s, the overall utilization is 61.2%.
Fig 3. 5.a points out that the utilization of each link can vary significantly. Several links
are used more than others, which are so called bottlenecks or hot spots of the network.
And due to these bottlenecks, some links are not fully used even when the blocking
probability 𝑃 is quite high.
It is worth noticing that when precomputing the paths candidates, some constraints
are added to avoid impractically long paths in the mesh topology. Instead of defining the
number of candidate paths for each sd pair, here we limit the hops number of paths in
the candidate set. Considering the insertion loss and crosstalk happening at the switches
in every node, it is reasonable to define a maximum hops number acceptable. Here the
maximum hops number defined is 5. We can expect that the utilization of the network
can be higher to reduce the blocking probability when we use greater hops limit.
Due to the requirement of spectrum continuity and contiguity, the bandwidth cannot
be fully occupied. Fig 3. 5.b shows the spectrum fragmentation of link 20. In this graph,
the overall utilization of spectrum slots is 86%, where there are 864 pieces for 4-slot,
621 pieces for 3-slot, 254 for 2-slot and 76 for 1-slot, rest 285 slots remain unused.
Because the algorithm applies first fit for core assignment, the core with the highest ID
number will be used at last. Considering that core 7 has the most adjacent cores,
crosstalk is minimized in this way.
Associated with the method we propose to estimate inter-core crosstalk in section
3.2.1.1, the average crosstalk can be greatly affected by the utilization of the network
links and spectral slots on each link. In Fig 3. 6.a, the average crosstalk intensity is
plotted versus increasing traffic. To show the tendency, the crosstalk is calculated
considering all the lightpaths utilized in the transmission. We can see that it matches the
utilization plot quite well (Fig 3. 6.b). It is not surprising to notice that when 𝜂 is small,
the utilization is also small, because some paths are forbidden by the small SNR margin
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Fig 3. 6 (a) average intensity of crosstalk, (b) utilization of the network
of the higher modulation level. The relation between crosstalk and utilization will give us
some insight on how to define the highest initial modulation formats for each light path.
C. Comparison of performances with different initial modulation formats
This section discusses the performances of the network when different amounts of
crosstalk, 𝜂, are considered to calculate the highest initial modulation formats. Herewith,
let us just recall that the practice of assigning the highest attainable modulation level
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Fig 3. 7 blocking probability of different traffic demands, different curves correspond
to different initial modulation level or XT intensity factor 𝜂

based on the current state may not be efficient and sometimes it may lead to
performance worsening. Let us pay attention to results from Fig 3. 7 that shows the
relation between the blocking probability and requested traffic. Because we are dealing
with dynamic routing problem, the amount of traffic is stochastic in time. To evaluate
the traffic flowing through the network, we take the average value of the total traffic
over the whole ‘flat top’ (Fig 3. 4.c). The blocking probability is also evaluated in this
region, and presents the ratio of blocked requests over the total number of current
demands. Also, as we can see from Fig 3. 7, the blocking probability increases with the
traffic volume, and more importantly, it shows that different 𝜂 will make a great
difference with respect to these curves. According to Eqn. (3.5), when 𝜂 = 0, the initial
modulation level is calculated without considering any crosstalk. On the other hand,
when 𝜂 = 1, all possible potential crosstalks are taken into account. If the modulation
level is too high, the small margin of SNR will forbid the algorithm to assign more signals
on its adjacent cores, and limit the utilization of the network, hence leading to a large
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blocking probability, which becomes even more clear if we look at results presented in
Fig 3. 8.a.
In Fig 3. 8.a, the curves indicate the fraction of assignment failures due to crosstalk

Fig 3. 8 (a) fraction of BP due to XT vs XT intensity factor (b) BP vs XT intensity factor
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with respect to the total number of blocking cases (blocking is considered to be caused
due to both the paths unavailability and crosstalk level). When 𝜂 is small, this ratio is
close to one, which means that the main reason for blocking is crosstalk, while as 𝜂
increases the fraction drops and paths availability is responsible for the blocking.
Fig 3. 8.b shows the relation between blocking probability and initial modulation level.
When 𝜂 increases, the blocking probability initially drops and then slightly increases. The
valley of the curve implies that there is an optimal 𝜂 for definition of the highest initial
modulation format. As we compare results from Fig. 3.8.b with results from Fig 3. 8.a,
we can recognize the obvious trend. Namely, when the blocking is mainly due to
crosstalk (left part of these curves), the assignments are rejected, even if there are
available paths. And the rise of blocking probability at the right part of the curve can be

Fig 3. 9 Optimal XT intensity factors for increasing traffic demand
qualitatively explained as following. When the blocking is mainly due to path availability,
if the network has less utilization for the same traffic volume, it is more likely that it will
experience a smaller blocking probability. Accordingly, when 𝜂 is small, while it is still
above a certain threshold (close to the valley of the curve), the average modulation level
is potentially higher than the one when 𝜂 is large (the right end of the curve). As for the
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fixed traffic, higher modulation level leads to fewer spectral slots and decreased
utilization, but blocking probability also decreases.
Fig 3. 9 plots the optimal values of 𝜂 for increasing traffic volumes. We can notice

Fig 3. 10 (a) average hop numbers (b) average path length vs traffic volumes
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from this figure that the curve is approaching to 0.6 when traffic is large. Let us outline
that, when we calculate the maximum crosstalk, the number of adjacent cores is
assumed to be 6. However, except core #7, the rest of cores only have 3 adjacent cores.
If

we

average

the

number

of

adjacent

cores

and

calculate

it

as

(6 × 3 + 1 × 6)⁄(7 × 6) ≅ 0.57, we can see that it approaches to 0.6. In this case, the
optimal 𝜂 happens in the worst-case scenario when traffic is heavy, which means we can
define the initial modulation level by taking into account all expected crosstalk. And
when traffic is small, the optimal 𝜂 will be slightly smaller than in the worst-case
scenario.
The mapping between optimal 𝜂 and the requested traffic volume can be obtained
by simulation procedure before real RMSCA process takes place. Once we obtain this
mapping, we can even dynamically change the highest modulation level when the traffic
volume is fluctuating by taking into account the feedback from monitoring of the
network state.

Fig 3. 11 The fraction of modulation levels, and the 𝜂 is assumed to be 0.6.
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D. Analysis of path lengths, modulation formats, and network utilization
In this section, we will analyze the average paths lengths and distribution of various
modulation formats across the network with respect to the traffic volume. Namely, we
have obtained results shown in Fig 3. 10.a that show how the average hops number will
increase with the growth of traffic. When most of the resources are utilized, the
algorithm has to turn to candidate paths with larger number of hops. This will also be
affected by 𝜂; when 𝜂 is higher, paths with smaller number of hops are still available and
they are not restricted by crosstalk limitation. We can also see from Fig 3. 10.b that for
the case when 𝜂 > 0.6 the average path length will decrease when traffic volume
becomes heavier. The reason for this is that, as the traffic grows, the demands
requesting longer paths are more likely to be blocked. Actually, this will also affect the
average number of hops.
Results presented in Fig 3. 11 show the distribution of the selected modulation
formats across the network and their change with respect to traffic volume. When
traffic is heavier, the percentage of the lower level modulation formats (i.e. 16 QAM and
8 QAM) drops slightly, while for higher modulation levels (32 QAM and 64 QAM) it
increases. Also, in association with Fig 3. 10.b, we can see that when 𝜂 = 0.6 the
average path length decreases, which makes the utilization of higher modulation levels
possible.
3.2.2.3 Conclusion
To properly allocate the resources of SDM-EON, a number of heuristic methods is
proposed. In this part of our investigation, we have recognized the importance of the
modulation format selection in the process of solving the RMSCA problem in SDM-based
optical networks. We have connected the selection of the modulation formats with the
value of the crosstalk intensity factor and found out that employing the highest
attainable modulation format is not an optimum choice, but the modulation format
should be selected based on input from the network state (i.e. from simulation and/or
measurement results).
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3.3 Extended Metro/Access Network
In this section, we have investigated the resource allocation to end-users in
multidimensional networking structure with plurality of spectral and spatial modes
actively deployed in different networking segments. This presents a more
comprehensive method as compared to the common practice where the segments of
optical network are analyzed independently since the interaction between network
hierarchies is included into consideration. We explored the possible transparency from
the metro/core network to the optical access network, analyzed the potential
bottlenecks from the network architecture perspective, and identified an optimized
network structure. In our considerations, the viability of optical grooming through the
entire hierarchical all-optical network is investigated by evaluating the effective
utilization and spectral efficiency of the network architecture.
3.3.1 Metro/Access Network Model
As discussed in Section 3.1, the optical network can be divided into several tiers, and
to be specific, the hierarchical structure of an elastic optical network that we study here
is shown in Fig 3. 12. As we know, the network infrastructure is shared by fewer
numbers of users when moving to the edge of the network, which makes the access
network much more price-sensitive. Similarly, with fewer users, the fluctuation of the
traffic has more significant effect.
We assume that spatial modes are present in all networking segments shown in Fig 3.
12. Accordingly, it is a challenging task to investigate the benefits brought by the
network flexibility having in mind various switching and routing options. Our goal is to
identify and optimize this active network structure from Fig 3. 12, and investigate
extension of the optical transparency from the core network segment further down to
access while studying the resource allocation problem associated with it. Since optical
access is in essence a point-to-multipoint architecture corresponding to the tree
topology, some kind of power splitter (PS) is used between central office (CO) and
optical networking units (ONU) to reach a number of ONUs in a cost-effective way. The
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Fig 3. 12 (a) Hierarchical structure of optical network (in this case the access network
can be further divided into three layers); (b) the scheme of an optical access network,
which has multiple independent spatial channels (MCF from CO). The wavelengths in
each spatial channel will be separated and fed into individual PS, then the whole
bandwidth in one PS will be broadcasted to each ONU, while the assignment of
subwavelengths to each ONU can be achieved with OFDM/TDM; (c) similar to (b), but
wavelengths can be freely switched between different spatial channels, and fed to any
PS.
signals for each ONU should belong to independent and orthogonal basis functions from
time-frequency-space volume.

With that respect, passive splitting, switching in
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frequency and space domains, and demultiplexing in time and frequency domains can
be associated with specific functions placed at different access network stages shown in
Fig. 3.12. Therefore, by using this approach, we consider the operation of access
network in conjunction with the metro/core segments, which helps to identify the
problems in an elastic and dynamic scenario and propose possible optimized solutions.

3.3.2 Opaque Central Office
Let us examine several possible scenarios with different transparency levels when
considering dynamic and elastic bandwidth distribution from metro/core to access and
end-users. In this section, we assume that the central office (edge node) is opaque in
nature, while the connection between the access and metro/core network segments
with transparent edge nodes is studied in Section 3.3.3.
For this network model, per Fig 3. 12 b/c, the optical signals for each ONU went
through O/E/O regeneration in the CO, which means that the connection between
metro and access network segments is not transparent. With spatial dimension
introduced, and to provide a wider bandwidth that will be split among related ONUs, we
can assume that 𝑁

spatial channels (or modes) are originating from optical line

terminal (OLT) in question and that each spatial mode can support 𝑁 spectral slots (in
our model to save on computation time we used N

= 3 and 𝑁 = 30). Next, to

achieve finer granularity and more flexibility, we assume that subwavelengths are also
used to occupy spectral slots. In our considerations, orthogonal frequency division
multiplexing (OFDM) format is adopted with assumption that a single spectral slot
equals 𝑛 subcarriers (𝑛

= 40). Accordingly, the total number of subcarriers for each

core is 1200.
For each independent channel, there is a wavelength switch and each switch output
port is connected to a power splitter (PS). We should mention that “wavelength switch”
has a broader meaning in this context, which means that different elements (such as
WDM demultiplexer or wavelength selective switch-WSS) can play this role as explained
below. We can also assume that there are 𝑁 power splitters/output ports per one
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Fig 3. 13 (a) Spectral slots assignment per power splitter (PS); there are 15 PSs in total (y
axis) and 6 spectral slots (x axis) for each PS; each spatial channel will provide 30 slots,
which is the total of 90 slots (x axis); (b) one example of subwavelength assignment to
each ONU (8 ONUs in each PS, y axis) in one power splitter; 6 slots correspond to 240
SCs (x axis); (c) “1” (yellow chunks) represents that the ONU/Service borrowed the SC
that was not assigned to it previously, -1 means that the ONU/Service lent the SC that
was assigned to it previously.
wavelength switch (𝑁

= 5) , but, of course, these numbers can vary. The signals from

one power splitter will be broadcasted to all ONUs (here we assume 8 ONUs per power
splitter connected to it), which means that these units will
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share the

wavelength/spectral slots assigned from the wavelength switch. If the bandwidth is
assigned uniformly to each power splitter, they will have 6 slots (240 SCs) per PS, and
each ONU will have 30 SCs in average. To better illustrate this architecture, simplified
traffic assumption is adopted. In our model, the traffic required by each ONU follows
the Gaussian distribution, measured by the number of subcarriers. The mean value and
standard deviation of SCs per demand are assumed to be 25 and 12, respectively.
Meanwhile, the duration of each traffic demand obeys the exponential distribution as
common practice.

3.3.2.1 Resource Allocation Strategies and Results
Now, different strategies may be used to assign resources (or bandwidth) per traffic
demands from each ONU. Let us investigate the following possible scenarios: (1) All
components are passive, (2) Spectrum slots can be freely switched within one PS group,
and (3) Spectrum slots can be switched between spatial channels.
-Case #1: All components are passive: In this case the wavelength switch is just a WDM
demultiplexer, and the spectrum slots assigned to power splitters are fixed. Fig 3. 13.a
shows the assignment of 90 slots (3 × 30) for all 15 power splitters. The upper left red
rectangular in Fig 3. 13.a means that the slots for the power splitters 1-5 are only from
the first spatial channel (slots 1-30), and it is similar for the other two (as in Fig 3. 13.a).
The red square corresponds to the blue ellipse in Fig 3. 12.b. Level “1” means that the
slots are occupied, zero means it is empty.
Although everything is fixed at the optical switch level, the subcarriers for ONUs can
still be adaptively adjusted based on the traffic demands. Namely, OFDMA-TDMA
approach can be implemented in DSP with MAC layer protocols [85]. Fig 3. 13.b
illustrates one realization of subcarrier (SC) assignment within one power splitter (as we
will see, 240 SCs in Fig 3. 13.b/c equal 6 slots in Fig 3. 13.a, that is the red block). The
main objective used here in the assignment of SCs was to minimize the disruption of the
established connections (We should point out that the disruption in this case just means
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Fig 3. 14 Spectral slots assigned when: (a) all spectral components are fixed, (b) spectral
components can be freely switched within each WSS, (c) spectral components can be
freely switched among WSSs; Change of spectral slots between two assignment plans:
(d) related to scenario (b) in this figure; 1 (pink chunk) means the PS borrowed the slots
that were not assigned to it previously, -1 (blue chunk) means that PS lent the slots that
were assigned to it previously; (e) related to scenario (c) in this figure.
bandwidth reassignment and not an assignment failure). To achieve this, we used the
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strategy as follows (a similar method will be also applied for spectrum slots assignment
in Case #2 and Case #3 below).
First, we select out the SC groups from the previous assignment which may not need
to be changed, denoted as 𝑑𝑒𝑚𝑑

_

. If the newly required bandwidth is smaller

than the one brought with previously assigned subcarriers (for the same destination
ONU), we would prefer to maintain this allocation, unless other demands cannot be
satisfied. Otherwise, the assignment has to be replaced (denoted as 𝑑𝑒𝑚𝑑
we insert the new demands in 𝑑𝑒𝑚𝑑
blocks of 𝑑𝑒𝑚𝑑

_

). Then,

in the void spectrum left between the SC

. This is accomplished by solving a linear inequality group

consisting of the starting SC and the number of SCs for each demand. If no solution can
be found, we take out one SC block in 𝑑𝑒𝑚𝑑

and put it into 𝑑𝑒𝑚𝑑

_

, and

solve the linear equations again. We keep these steps until one solution is found, or all
previously assigned SC blocks are changed. The detailed process is explained in the
following pseudo code.
Algorithm for subcarriers assignment
T: set time track for all demands
D: create the demand set, including receiving node d and its spectrum slots required Λ
at each time t.
S: initialize the spectrum assignment with first fit method, and the spectrum assignment
includes the starting slots 𝑓 and number of slots occupied Λ .
F: initialize the failure count with zero;
for each time point 𝑡 ∈ 𝑇 do,
for each 𝑑 ∈ 𝑑 do,
if Λ

,

≤Λ

,

then,

Record this demand Λ

,

in the set 𝐷

end if
end for
while no solution for Inequality Group,
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_

Update 𝐷

by removing the widest Λ

_

,

end while
if no solution is found when 𝐷

_

is empty then,

Increment F by 1
elseif a solution if found,
Record this spectrum assignment 𝑆 at time t
end if
Empty 𝐷

_

end for
Inequality Group
The demands Λ

,

_

∈𝐷

defines the occupation of the spectrum, the

_

rest of the demands need to fit into the void part. The demands remaining assigned
satisfy following inequalities:
1) 𝑓 + Λ − 1 ≤ 𝑀, where M is the total spectrum supported
2) 𝑓

+𝑀 ≥𝑓

𝛿

=1−𝛿

,

,

+Λ

+𝛿

=

1, 𝑖𝑓 𝑓
0, 𝑖𝑓 𝑓

,

∙ 𝑀 and 𝑓

+𝑀 ≥𝑓

+Λ

+𝛿

,

∙ 𝑀, where

≥𝑓
<𝑓

Inequality (1) defines that the slots are confined in the range of the spectrums available
at ONU or WSS. For inequality (2), we introduce parameter 𝛿 , (𝑙 = 𝑑1, 𝑚 = 𝑑2) to
forbid spectrum slots of different demands from overlapping. The parameter 𝛿
two values: it is 1 when 𝑓 ≥ 𝑓 , otherwise 𝛿

= 0. If 𝑓 ≥ 𝑓 and they do not overlap,

we have that 𝑓 ≥ 𝑓 + 𝑤 , which corresponds to 𝑓 + 𝑀 ≥ 𝑓 + 𝑤 + 𝛿
Meanwhile, we have that 𝛿

= 1−𝛿

has
∙ 𝑀.

= 0, 𝑓 + 𝑀 ≥ 𝑓 + 𝑤 , which is always true

since 𝑀 ≥ 𝑓 + 𝑤 − 1 is defined in inequality (1). In addition, this is also true if 𝑓 < 𝑓 ,
which means that by this way two spectrum slot groups are separated apart.
Applying the algorithm discussed above, we have results shown in Fig 3. 13. Fig 3.
13.c shows the exchange of slots between two allocation results. The value “1” (yellow
chunks) means that the ONU (or required service for ONU) borrowed the SC that was
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not assigned to it previously; the value “-1” means that the ONU/Service lent the SC that
was assigned to it previously. To have minimum disruption in service, our goal would be
to minimize the number of yellow and blue chunks. This guidance is also used in the two
following cases we analyze.
-Case #2: Spectrum slots can be freely switched within one PS group: In this case, as
shown in Fig 3. 14.b, the number and order of the spectral slots allocated to each PS is
no longer fixed. However, like case #1, since wavelength switches (in this case WSS) are
still independent from each other, there is no resource exchange outside the red
rectangular space (corresponding to the blue ellipse shown in Fig 3. 12.b). In this case,
flexibility related to each PS group has already brought benefit with respect to demands
blocking. (As shown in Fig 3. 15 below, for the same traffic model, the number of
demands blocked in Case #1 is 337 out of 1000 attempts because of insufficient
bandwidth, while in Case#2, it drops to 46.) The freedom with respect to exchange of
the spectral slots with WSS in place greatly increases the utilization of the system
resources, but at the cost of constant disruption of bandwidth assignments. We should
notice that the rearrangement of subcarriers mentioned in Case #1 still applies. In
summary, the spectral slots assigned to each power splitter can be adjusted per traffic
demands, but the exchange of bandwidth resources can only happen within each WSS
or spatial channel.

Fig 3. 15 Number of disrupted traffic requests at different time points that shows
improvement achieved by increased flexibility; x axis represents the time; y axis
represents the number of slots assignments that are changed.
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-Case #3: Spectrum slots can be switched between spatial channels: As compared to
previous cases, the three WSS are grouped together to form a multidimensional switch
(shown in Fig 3. 12.c), where the slots in one spatial channel can be allocated to other PS
groups. Fig 3. 14.c illustrates the newly introduced flexibility, which means that the slots
are no longer confined in the original red rectangular space, spectral slots can be
assigned between different power splitter groups. In this case, as we can see from Fig 3.
14.e, more choices of slots are provided when traffic demands change, and this increase
of system utilization leads to the blocking number decrease. However, it will take more
time to compute and plan the resource assignments.

3.3.3 Transparent Central Office
In the previous section, we analyzed and proposed a network structure which can
potentially support a large amount of traffic in a highly scalable way. The data arrived at
each OLT will be distributed to end-users through arrangement of independent parallel
channels, wavelength or spectral slots, and the power splitting. Based on this structure,
several access networks can be connected with metro/core in a fully transparent
manner without OEO conversion [86].
Before continuing the discussion in this section, let us outline the case that needs a
special attention. Namely, due to the tree topology of an access network, an optical
connection between the source and destination ONUs from the same CO will probably
go all the way through the entire metro segment, which is quite inefficient. This can be
resolved by recognizing from the user addresses that both ONUs belong to the same CO
and by arranging a direct bridge between the upstream and downstream ports.
However, this scenario is not the focus in discussion below, but rather the one with
connections between users belonging to different COs.
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3.3.3.1 Constraints and Algorithm
To establish the transparent architecture connecting access and metro/core
segments, we can consider the following two strategies: (i), assume borderless metroaccess configuration and allocate the resources considering all requests coming from
end-users; (ii) logically separate the core/metro and access networks, similar to what we
do with OEO in place, but still with wavelength continuity constraints, and allocate the
resources in a step-by-step process. The first option potentially can give us an optimal
solution, but requires extremely intense computation and longer signaling times, which
makes this method time consuming and likely impractical. As for the second strategy,
the resources in core/metro network segment are assigned first, and then based on the
specific spectral slots allocated to COs (or edge nodes of core/metro network), we can
proceed with spectral/spatial assignment in the same fashion described in previous
section, which is much more practical.
Accordingly, let us adopt the second strategy and consider the ways for further
optimization. For that purpose, we can first assume that the core/metro network is able
to provide any wavelength in any of spatial channels without additional constraints.
When allocating the spectrum based on traffic requirements, we should pay attention to
two key objectives: Objective I: the traffic with data streams originating from the source
to specified destination should be ideally bundled together, and Objective II: the traffic
heading to the same destination, even from different sources, should be grouped
together (if possible into as few consecutive spectral slices). Because of the mismatch
between the transmission line rate and network service rate, different spectrum
granularities may apply at different tiers (i.e. grooming), which leads to Objective I. On
the other hand, minimum number of receivers should be deployed because of the pricesensitivity of access network, which is formulated as Objective II. Although these two
conditions are not completely contradictory, reaching an optimal solution for both
conditions is quite a challenging task.
Considering the cases described above, which are related to different tiers of the
access network, which we introduced per Fig 3. 12, it is clear that switching of the
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spectral slices and subcarriers should be done with a flexible granularity. We assume
that at the CO level, the traffic can be switched with subcarrier granularity. Now, to
investigate the feasibility of all optical connections between end-users, we can approach
this problem by using step-by-step analysis while accounting the role of different tiers
between the source and destination. For that purpose, let us analyze the following
connection scenarios: (i) CO to CO, (ii) CO to PS.
Algorithm Description
Let us explain the algorithm related to the second scenario (CO to PS connection)
since it is a more complex case, while CO-CO connection can be considered just as a subcase to CO-PS scenario.
Since bandwidth distribution in elastic network is related to circuit-switch
connections, each connection deals with the assignment of group of SCs, which are also
our final planning targets. To represent these SCs, we can use the following two
parameters: 1) the starting slots/subcarriers, 𝒇𝒔𝒅,𝒊, where s is the index of source CO, d
is the index of destination CO, i is the index of power splitter associated with the
destination CO, and 2) the traffic or number of subcarriers assigned for each specific
connection 𝒘𝒔𝒅,𝒊 . The constraints and two conditions mentioned above can be
formulated as below.
Let us now use the integer linear programming (ILP) method to address the
assignment problem, which is based on the following:
Objective: 𝑚𝑖𝑛(𝑎 ∙ 𝑊

+𝑏∙𝑊 )

Subject to constraints:
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Before explaining the objective in more details, let us clarify the meaning of each
constraint. The inequality constraint (Constraint (1) above) shows that all subcarrier
assignments will be confined in the range of the total spectrum supported by 𝝁 spatial
channels. The Constraint (2) means that the subcarrier group assigned for each power
splitter in the same destination central office will not share any subcarrier due to
wavelength collision. Next, Constraint (3) defines the upper and lower limits for
subcarriers in the specific spatial channel for each power splitter, while the maximum
difference between the upper and lower limits is marked as 𝑊

. Further on, similar

to Constraint (3), the Constraint (4) defines the upper and lower limits for any sd
connection from the same source, where the maximum difference is also denoted as
𝑊 . Finally, the Constraint (5) adds the request that any sd connection from the same
source can be totally separated; subcarriers for each CO-CO connection can be
transmitted independently.
For Constraints (2) and (5), we also introduce parameter 𝛿

to forbid different SC

groups from overlapping, which is very similar as what we did in inequality (2) in Section
3.3.2.1 algorithm list. More explanations can be found there. Regarding the subscripts
used here, for Constraint (2), the notation 𝛿

,

corresponds to 𝛿

𝑠𝑑, 𝑚). Also, for Constraint (5), the pair 𝑙𝑚 in 𝛿

represents ab case.

Finally, the optimum solution (objective) means that both 𝑊

(𝑙 = 𝑠𝑑, 𝑙; 𝑚 =

and 𝑊

should be

minimized at the same time, which is not possible. Instead, let us try to find some
realistic balance for this case. Namely, in the ILP module when the bandwidth of
subcarrier group at the power splitter is more critical parameter, we can choose higher
pondering coefficient for 𝑊

, that is 𝑎. Similarly, it also works for 𝑊 . On the other
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side, if the maximum 𝑊

(or 𝑊

) is defined beforehand (for example if the

bandwidth of the filter or detector is limited) we can use fixed value for 𝑊

and solve

a constrained linear equation problem.
This integer linear programming is commonly a nondeterministic polynomial-time
(NP) hard problem; it is usually quite time-consuming to find an optimal solution even
with very small number of nodes. As we know, in most real-life planning scenarios,
which are subject to limited planning time and computational complexity, a feasible
planning outcome from ILP can only be a suboptimal solution. Accordingly, in this work,
the solver’s execution time is set to 10 hours.
3.3.3.2 Numerical Results and Discussion
Applying the above algorithm for both scenarios (CO-CO and CO-PS), the SCs
assignments for each connection will be determined along with the utilization of the
network.
(i) Scenario - Central Office to Central Office
When the source and destination are both in two central offices, we consider that
the traffic below this tier is already electrically groomed together and can be converted
to any spectral slot that is convenient. It is reasonable to assume that, at this level,
traffic consists of spectral slices, which are congregation of spectral slots (or spectral
modes) of the minimum bandwidth (we assume that modes/slots with 6.25 GHz
bandwidth can serve as foundation since it fits well into flex-grid scheme. Although such
assumption may be beyond the ability of current WSS, we can say that the algorithm
and conclusions are applicable for other granularities as well). For the computation
simplicity, let us consider the case in which number of COs is 4, number of spatial
channels is 2 and each of them is connected to WSS, and that there are 3 power splitters
(PS) per WSS and 8 ONUs per PS. The occurrence of connection between each ONU
(related to different COs) is generated with Gaussian distribution, and so is the traffic
volume for each connection. Possible realization of such scenario is shown in Fig 3. 16.
In Fig 3. 16.b, each color block represents the SCs (x axis) assigned for each destination
CO (y axis), while different colors are used to label their original source CO (cf. Fig 3.
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16.a). As we can see, this scenario satisfies both conditions listed above since spectrum
slots between specific source and destination pair are closely grouped (please see Fig 3.
16.a), which satisfies the first condition, while slots to the same destination but from
different sources are also grouped together, which corresponds to second condition
(please see Fig 3. 16.b).

Fig 3. 16 Possible realization of the CO-CO bandwidth assignment: (a) total subcarriers
assigned for all destination COs for each source CO (y axis is the index of source CO); (b)
bundled subcarriers at each receiving CO (y axis is the index of receiving CO); different
colors represent corresponding source indices.

(ii) Scenario - Central Office to Power Splitter
In this case, the transparency is pushed to the power splitter level at the destination
side, which is different from scenario (i) considered above. By comparing Fig 3. 16
(which corresponds to Scenario (i) above) with Fig. 6 (which corresponds to Scenario (ii)),
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Fig 3. 17 (a) Assigned SCs for each PS (y axis is the index of PS) at different COs;
different colors of the blocks represent the source of the subcarriers (same as Fig. 5.a);
(b) the total number of subcarriers assigned for all destinations at each source CO (y axis
is the index of source CO). (c) bundled subcarriers at each receiving CO (y axis is the
index of receiving CO).
it is not surprising to see that the spectrums in fibers are not fully utilized in Scenario (ii).
For example, in Fig 3. 16.b, each red square represents the bandwidth required by one
source CO to transmit the actual SCs (thin color bars), which only occupy a small portion
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of the total bandwidth. And the blank within cannot be reused. Because of Objective II,
SCs from different sources aimed to the same destination are closely gathered. By
adding the Objective I, the SCs for the same CO connection are also close to each other,
so we can see the compact blocks in Fig 3. 17.c. Now, based on the Constraint (5), these
compact blocks can only have a very small overlapping, which is shown in Fig 3. 17.b,
per above explanation. Since the traffic is supported by spectral slots, a large amount of
spectrum resources is basically wasted. Accordingly, if we connect the core/metro
network segment with the access network, when the spectral slots are pre-assigned per
conditions in metro/core network, the utilization of spectrum will be even smaller. If we
compare these results with results related to Case #3 (in the Section A), we can
conclude that transparency at CO (edge node) would lead to lower utilization of the
network resources. The key reason is the mismatch of the granularities when
considering CO and PS points. We can also notice that every time we connect two points
through a coarser granularity, we will waste a large amount of the spectrum in the
grooming and switching processes done in optical domain. This is not only true for
access-to-access connection through metro network, but is also true for the metro-tometro connection through the core network. Although this conclusion is drawn
assuming suboptimal solution here, we can expect per discussion above, that the same
problem will still occur even if we come to the optimal result.
Since only a suboptimal solution can be obtained here, a heuristic method (First Fit
method) is also adopted as a baseline. Fig 3. 18 shows the occupation of spectrums for
two methods against different throughputs. The ratio is the bandwidth occupied (red
squares in Fig 3. 17.b) over the total spectrum available, while the throughputs are the
total number of subcarriers demanded in the network. It demonstrates that ILP method
has better performance.
In summary, if we design an all-optical elastic network, we should use either the
finest granularity throughout the all network segments (which will require huge amount
of traffic/network information to calculate the routes and resource allocation) or we
should divide the network into several tiers working at different granularities (which will
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waste a large portion of spectrum). However, none of these options is satisfactory.
Namely, since the traffic grooming is indispensable, even if the grooming in optical
domain is enabled by new technologies, it still brings a large degree of difficulty to be
solved. On the other side, we found out that if OEO is allowed at the interfaces between
network tiers, the network can still be transparent locally, while maximizing advantages
of multidimensional elastic networking architectures.

Fig 3. 18 Comparison of the utilization of spectrums for First Fit method and the ILP
discussed above, x axis represents the ratio of bandwidth assigned over total
bandwidth, y axis represents the total traffic demanded in the network.

3.3.3.3 Conclusion
In this part of dissertation, we have discussed the resource allocation to end-users in
multidimensional elastic networking scenarios with presence of both spectral
(bandwidth slots) and spatial (spatial modes in SDM-enabled optical fibers) entities.
Based on the underlying PON architecture, we proposed an “active access” network
structure. With this structure in mind, the option of extending the all optical
transparency further to the end-users is explored. We have concluded that the full
transparency, even with employment of future photonic technologies, is not a viable
option due to the possible waste of large spectrum chunks.
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CHAPTER 4
CLOSING REMARKS AND FUTURE WORK

Spatial division multiplexing (SDM) is the most promising solution to today’s network
capacity crunch. However, it is still in early stages with respect to its implementation in
commercial optical transmission systems and networks. A number of issues should be
addressed to make it affordable and competitive compared with existing solutions. In
this dissertation, we have paid attention to some of the most relevant topics related to
the design of future SDM-based optical fiber and FSO systems and proposed several
novel schemes and models to address the application shortcomings. Let us briefly
summarize the work done and results obtained.
The multiplexing of spatial modes can be applied in fiber and free space transmission
channels. To properly measure the characteristics of the channel is a crucial step to
implement a system with good performance. In pursuit of more intelligent and more
dynamic networks, the real-time information of the state of the system/network is of
utmost importance. Accordingly, the estimation of the impairments caused by crosstalk
from spatially multiplexed signals in multicore fiber-based networks becomes extremely
important. In the dissertation, we proposed a novel method for crosstalk evaluation by
recognizing a strong correlation between crosstalk intensity and signals kurtosis. Based
on that, our method for crosstalk monitoring, which we verified for several typical
application scenarios, requires only measuring of the signal power with a relatively slow
photodetector, and the obtained results suggest that our method is a viable candidate
for monitoring in-service channel crosstalk in networks where spatial division
multiplexing is employed.
Next, regarding the implementation and optimization of free space optical (FSO)
transmission systems, the impact of the air turbulence on optical channel characteristics
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needs to be evaluated, so that we can predict and optimize the system’s performance.
We have recognized the importance of the evaluation of the atmospheric coherence
diameter in the process of the turbulence strength assessment and overall FSO system
optimization. Based on a direct relation between the wavefront error variance and the
phase structure function, we proposed a method to estimate the coherence diameter
by using the wavefront of a distorted beam propagating over a turbulent FSO that would
be directly used in FSO system optimization.
In the second part of this dissertation, with the state information collected in each
transmission component, we have turned our attention to advanced optical network
scenarios where SDM technique is applied having in mind both architecture and
performance optimization.
As to the SDM–based optical networks, we have investigated the most important
aspects of the routing-modulation-spectrum-core-assignment (RSMCA) in the elastic
core/metro SDM-based optical network architecture assuming dynamic interworking
between spectral and spatial modes. We have paid attention to and defined strategies
for the selection of modulation formats, which determine the spectral efficiency and the
size of spectral slots, while taking into account crosstalk between spatial modes. Based
on that, we have refined the RSMCA algorithm and evaluated utilization and blocking
probability with respect to interworking structure with specified number of spatial
modes loaded with optimized spectral slots.
Furthermore, we investigated an advanced optical network architecture by extending
the transparency from core and metro network to access network. We proposed an
“active access” network structure based on the conventional PON access and discussed
the resource allocation to end-users in multidimensional (spectral and spatial) elastic
networking scenarios. After exploring the option of extending all optical transparency
further to the end-users, we concluded that, due to the large waste of spectrum
bandwidth, the full transparency is not a viable option even with future photonic
technologies in sight.
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Throughout this dissertation, the common denominator is the characterization and
implementation of spatial optical modes with major investigation topics described
above. However, there are still more relevant topics that need further investigation,
which should be outlined as a direction for the future work. First, the current crosstalk
suppression in optical fiber systems and network and its recovery is based on digital
signal processing with MIMO technique. There is possibility that some methods in
optical domain can be applied for crosstalk mitigation and it is a worthy research topic.
Besides, inter channel crosstalk is only one of the many impairments, such as mode
dependent loss, which, different from crosstalk and dispersion, limits the overall
performance of optical fiber transmission systems and networks. Similarly, we need to
develop methods to monitor and suppress MDL, and allocate the network resource
depending on the channel state information.
Similarly, although adaptive optics systems can be applied to recovery of spatial OAM
modes in FSO systems, there is question about what other types of spatial modes can be
used in FSO systems and what methods are the most appropriate for more advanced
modulation formats related to both amplitude and phase variations.
Finally, to commercialize the SDM-based systems and networks in near future, we
need to further enhance the methods for their generation, detection, mux/demuxing,
amplification and switching, which means that we can expect that some valuable
research and development job will be done in current and next decade.
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