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Abstract - A thorough examination of current
developments in adaptive filtering for coherent dual-
polarization optical communication systems is provided in
this work. The emphasis is on high-capacity networks
made possible by dual-polarization, coherent detection,
variable bit-rate transceivers. The review explores the
effectiveness of different adaptive algorithms in coherent
receivers, the importance of dual polarization, and the
function of adaptive filters in reducing channel
impairments. The research also sheds light on the trade-
offs and difficulties related to flexible bitrate optical
transceivers. The paper comprises an extensive assessment
of dynamic optical networks, categorized by network
granularity and generation, in addition to the study of
adaptive filtering. A comprehensive understanding of the
developments in dynamic optical networking technologies
is provided by the discussion of the evolution and traits of
each generation. The poll also covers optical access
networks, emphasizing the acceptance and advantages of
optical access protocols as IEEE EPON and ITU-T GPON.
The study also examines how digital filtering might be
used to manage transmission constraints, highlighting the
significance of segmenting digital filtering into distinct
blocks. An overview of the types and applications of
optical filters utilized in optical communication systems is
included in the discussion. The study wraps up with a
review of the literature that summarizes current research
on optical communication systems, such as studies on
adaptive algorithms' convergence properties, coherent
dual-polarization receivers, and machine learning's use in
optical fiber communication. The contributions of this
paper include a thorough analysis of adaptive algorithm
performance, a comparative study of dynamic optical
networks, and a comprehensive overview of recent
research in optical communication systems.

Keywords: Adaptive Filtering, Dynamic Optical Networks,
Optical Access Networks, Digital Filtering, Optical Filters,
Fiber Optic Receivers.
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I. INTRODUCTION

Modern optical telecommunications systems are required
to manage higher data rates and the increasing number of
internet-connected devices as the cloud computing era
progresses. This survey explores the advances in this area with
a particular emphasis on high-capacity networks enabled by
variable bit-rate transceivers with dual polarization and
coherent detection [1].

Dual polarization, which was first introduced in [2], is
crucial since it practically doubles the data rate when
compared to single polarization methods. The adaptive filter,
which is essential for equalization to rectify time-varying
states of polarization (SOP) and other linear channel
impairments, is the cornerstone of dual-polarization
communication systems. Comprehending the convergence and
tracking efficacy of these adaptive filters is crucial to grasping
the constraints of the system [3].

The types of impairments seen in optical channels are a
combination of stochastic and deterministic [4]. For example,
chromatic dispersion (CD) is a stochastic impairment, whereas
polarization mode dispersion (PMD), polarization-dependent
loss (PDL), and SOP are deterministic ones. A dual-
polarization optical signal is a rotational copy of the optical
signal that was delivered, carrying amplitude and phase
information in two orthogonal polarizations (X and Y) [5].

In order to separate the two polarizations from the
received rotated optical signal, linear adaptive filters can be
used, provided that the rotation caused by the channel is either
static or gradually varying. The impacts of channel rotation
have been lessened by the use of algorithms like constant
modulus algorithm (CMA) [6], normalized least mean squares
(NLMS), and classical least mean squares (LMS) [7].

The performance of recursive least squares (RLS),
constant modulus algorithm (MMA), LMS, and NLMS
adaptive filters in coherent receivers for dual-polarization
optical signals is examined in this survey. The study takes into
account the existence of optical filters, PDL, and SOP
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transients and offers insightful information about how these
factors affect system performance [8].

Furthermore, the assessment examines related research
on adaptive filtering in coherent receivers and provides a
summary of the primary causes of SOP transients in optical
communications. In the context of developing programmable
optical networks, it presents the idea of adjustable bitrate
transponders [4].

A theoretical overview of adaptive filtering and coherent
receivers is provided in the following sections, which are
followed by information about the simulation environment. A
comparative analysis of adaptive algorithms in terms of
convergence speed and signal-to-noise ratio (SNR) penalty for
various SOP transient speeds is presented in the survey's
conclusion, along with simulation results that highlight the
impact of SOP rate of change on relative signal-to-noise ratio
(RSNR) penalty and the trade-off between back-to-back link
configuration and PDL penalty wversus SOP tracking
capabilities.
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The main contributions of this survey are as follows: it
provides a thorough analysis and simulation of adaptive
algorithm performance in the presence of colored noise and
SOP transients; it illustrates the tradeoff between equalizing
static and fast variant channels; and it thoroughly studies SOP
tracking in the context of flexible bit rate optical transceivers
with realistic hardware limitations.

Il. INTRODUCTION TO DYNAMIC OPTICAL
NETWORKS

Table (1) below provides an overview of dynamic optical
networks, categorized by their respective generations and
network granularities. Each generation introduces new
features and technologies, addressing challenges present in the
previous ones. The network granularities, namely Optical
Circuit Switching (WRONSs), Optical Packet Switching (OPS),
and Optical Burst Switching (OBS), exhibit distinct
characteristics with associated advantages and disadvantages.
This comprehensive classification aids in understanding the
evolution and key attributes of dynamic optical networking
technologies [9].

Table 1: Evaluation and Characteristics of Dynamic Optical Networks

Dynamic Network Generation Characteristics and Technologies

Advantages

Disadvantages

. Point-to-point networks with

one wavelength channel per

fiber.

O/E/O converters on every

node.

. SDH/SONET  with ATM
virtual circuits.

Zero Generation [10] .

. Requires a priori traffic matrix.
. Limited adaptability to
changing traffic.

Simple design and operation. . Global optimization may be

No intrinsic delay. slow.

Continuous-mode transmission. | e Network reconfiguration
disruption.

. Lightpath granularity.

. Emerged in the late 1990s.
. WDM deployment in point-to-

Second Generation [12] ROADMS. and WXCs

o Amplifier gain equalization and
optical signal monitoring.
. Space switching technologies.

point links.
* nOéEéO Converters at - every Higher transmission capacity. e  Limited configurability.
First Generation [11] . Increased use of optics. gi\gﬁ;z flexibility — with | " %ﬁﬁe,\:ses configuration
e SDH protocol with ring Ringtop.ologies ges.
topologies. '
. Introduction of ADM and
OXC.
. OADMs added flexibility.
. Focus on optical
reconfigurability in the optical . .
domain. Mitigation of optical signal | © R-equilres planning - tools  for
. Introduction  of lightpaths, impairments. circuit changes.

. Challenges in core node

Faster reconfiguration. X
requirements.

Introduction of lightpaths.

. Integration of data networking
entirely into the optical layer.
. Fast optical layer switching.

. OPS switching requirements

Increased overall speed and
challenges.

transport capacity.

Third Generation [13] . !Z)lrect mapping of I_P packets OPS for store-and-forward | ® Deyelopmental issue_s in all-
into the optical domain. routing optical header processing.
. Introduction of OPS and optical '
label swapping.
Network Granularity[14][15] * 85;(8:\‘5) Circuit Switching Simple design and operation. . Requires a priori traffic matrix.
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Offline RWA
resolution.

No intrinsic delay.
Continuous-mode transmission.

problem

Limited adaptability to
changing traffic.

Global optimization may be
slow.

. Network
disruption.
. Lightpath granularity.

reconfiguration

. Optical ~ Packet
(OPS)

Switching

e  Contention and packet loss in
core switches.
Challenging core node
requirements.

Finer granularity for better | o
network utilization.
Reduced power and size | e«  Enormous optical complexity
footprint. and cost.

Maximizes resource utilization. | e  Lack of proper optical

Optical transparency for technology.
heterogeneous tributaries. e  All-optical header processing
challenges.

e  Optical Burst Switching (OBS)

. Contention and burst loss at the
edge.

. Packet loss within the network
core.

e  Dependencies on wavelength
conversion and network
connectivity.

Sub-wavelength granularity.
Relaxed core node switch
requirements.

Better  network utilization
compared to WRONSs.

111. OPTICAL ACCESS NETWORKS

In the last ten years, optical access networks have become
more and more popular, offering a strong substitute for
established copper-based broadband technologies such as
Asymmetric Digital Subscriber Line (ADSL) [16]. The two
main optical access standards, IEEE EPON and ITU-T GPON,
provide the foundation for passive optical networks, or PONs,
which are optically passive and do not need optical switching
or amplification [17].

As seen in Figure 1, a passive optical network functions
similarly to older copper-based local area networks (LANS) in
that it distributes the optical medium among several users. A
passive optical splitter, albeit one with significant insertion
losses, facilitates the downstream transmission from the
central office to customer residences. All subscribers use the
optical medium collectively in the upstream direction, though.
An efficient Media Access Control (MAC) protocol, such
TDMA, is required to manage this shared resource. In
addition, the data is divided into brief packets to reduce
network latency. Consequently, dynamic core optical
networks and passive optical access networks share a number
of physical layer problems, particularly with regard to burst-
mode receiver design [18].

IV. FUNCTIONALITY OF THE DIGITAL FILTERING

In order to handle transmission limitations, it is more
beneficial to split the digital filtering functionality into two
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separate blocks, as Figure 1 illustrates. While the second block
is devoted to reducing polarization-dependent effects, such as
polarization rotations and polarization mode dispersion
(PMD), the first block compensates for polarization-
independent impairments like chromatic dispersion [19].
Because of their deliberate division, the two blocks can adapt
at separate rates. For example, chromatic dispersion may be
seen as generally consistent across millisecond duration,
although polarization may show change. Furthermore, this
method allows for the compensation of large amounts of
chromatic dispersion without frequently requiring tap weight
adjustments, offering important implementation benefits for
the digital signal processing (DSP) framework [20].

Remarkably, this work only discusses linear digital
filtering; nonlinear impairments like self-phase modulation or
nonlinear phase noise are neither discussed or taken into
account when compensating for them. Further nonlinear
filtering would be required if it were essential to solve these
nonlinear limitations [21].

Nonetheless, this paper's scope is still limited to linear
digital filtering, which may be accomplished well with the
architecture shown in Figure 3. This architecture works
especially well for mitigating linear transmission deficiencies
caused from PMD and chromatic dispersion. Another
advantage is that the filters can be implemented directly in the
time domain or via rapid convolution techniques in the
frequency domain, which helps to reduce the DSP system's
overall complexity [22].
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Figure 1: A diagram of a typical passive optical network
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Figure 2: lllustrates the operational aspects of the digital filtering stage. In the context of linear filtering, it is important to note that the order of the two
sub blocks can be reversed as needed

V. SUBMISSION OPTICAL FILTERS IN OPTICAL COMMUNICATION SYSTEMS

An overview of the several filters used in optical communication in Table (2). In order to shape, improve, and optimize
optical signals for dependable data transfer, these filters are essential. Every filter type has a distinct function in handling issues
including interference, dispersion, and polarization effects, from wavelength selection to digital signal processing [23].

Table I1: Optical Filters in Optical Communication Systems [23][24][25]

Filter Type Realistic Application
Color Imaging Filter Controls spectral properties of light for color imaging
Blue Band Pass Filter Improves contrast in low contrast scenarios
Infrared Band Pass Filter Removes interference in barcode backgrounds
Short Pass Filter Blocks infrared emitted heat in production processes
Eliminates noise in fluorescence microscopes, eye protection from laser radiation,

Band Pass Filter
sunglasses

Thin-Film Optical Filters Improves transmission, blocking, and wavefront properties for bright, high-contrast images

Used in linear and planar-array CMOS detectors, medical instrumentation, commercial,

Multispectral Optical Filter Assembly government, and aerospace applications

Long Wave Infrared (LWIR) Optical Filters Ideal for gas sensing and thermal imaging
5.1 Digital filters in optical receivers integral part of this signal processing chain is digital filters.
They play a major role in minimizing different kinds of
In the field of fiber optic receivers, digital filters (Table  impairments and enhancing the quality of the received signal
3) are essential for improving the overall efficiency of optical [26].
communication networks. A receiver's main job in fiber optic
communication is to translate incoming optical signals into Equalization is a crucial area in which digital filters are

electrical signals so that they can be processed further. An  used in fiber optic receivers. Signal quality might deteriorate
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as a result of distortions and attenuations introduced by fiber
optic lines. Digital filters are highly skilled in mitigating these
distortions, guaranteeing that the received signal accurately
replicates the original data that was transmitted. Digital filters
have the ability to efficiently mitigate the effects of dispersion
and other channel impairments through the utilization of
advanced algorithms and adaptive filtering techniques [27].

Additionally, the signal-to-noise ratio of the entire system
and the sensitivity of the receiver are enhanced by digital
filters. They are essential for suppressing noise because they
separate the signal from other interference and background
noise. This is especially important in high-speed optical
communication  systems since data integrity during
transmission is crucial [28].

VI. MATCH FILTER IN OPTICAL RECEIVERS

Match filters are frequently employed in optical
communication systems to enhance transmitted signal
detection. By matching the received signal with a known
reference waveform, a signal processing method called
matched filtering maximizes the signal-to-noise ratio (SNR).
The possibility of accurately recognizing the transmitted
information is increased thanks to this technique. let's delve
into the mathematical aspects of matched filtering in optical
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Mathematical Representation of Matched Filter: Let s(t) be the
transmitted signal and h(t) be the impulse response of the
matched filter. The output, y(t), is obtained by convolving the
received signal, r(t), with the matched filter impulse response
[37]:

[oe]

y(@) = [ r(ORE =TT oo (1)

Correlation Function: The matched filter operation involves
correlating the received signal with the reference signal. The
correlation function R(7) is given by:

R@ = [T r(®)s*(t = DAt cooveviiiiiieeteiiic, 2)

Here,
signal.

s*(t) is the complex conjugate of the transmitted

Signal Detection and Thresholding: The decision criterion
involves comparing the output y(t) with a threshold n:

1, ify(®)>n

Decision = { .
0, otherwise

Optimal Matched Filter Design: The impulse response of the
matched filter h(t) is designed to be the time-reversed and
conjugate of the transmitted signal s(t):

receivers [36]. R(E) = S (=) coeveeeieee e “)
Table I11: Digital Filters in optical communication
Digital Filter Type Application Characteristics Description

FIR (Finite Impulse | Signal Equalization, | No feedback, linear phase | Manipulates digital signals with a finite

Response) Filter [29] Noise Reduction characteristics. response to impulses. Used for tasks like

equalization and noise reduction.

IIR (Infinite Impulse | Signal Processing, | Feedback  loop,  more | Utilizes feedback in its operation, more

Response) Filter [29] Equalization computationally efficient. computationally  efficient ~ for certain

applications. Used for equalization and
processing tasks.

Adaptive Filters | Dynamic Signal | Adjusts filter characteristics | Adapts its parameters based on changing signal

[30][31] Processing based on input changes. conditions. Used for dynamic equalization and

interference cancellation.

Matched Filter [32] Signal Detection Maximizes the signal-to- | Optimally matches the filter to the expected
noise ratio for specific | signal waveform. Commonly used in signal
signals. detection and recognition applications.

Digital  Phase-locked | Clock Recovery, | Synchronizes receiver clock | Maintains phase and frequency coherence

Loop (PLL) [33][1] Timing Adjustment with the incoming signal. between the receiver and transmitted signal.

Used for clock recovery and timing adjustment.

Decision Feedback | Signal Equalization Uses feedback from past | Helps counteract distortions in the received

Equalizer (DFE) [34] decisions to mitigate inter | signal caused by symbol interference.
symbol interference.

CMA (Constant | Modulation  Format | Adapts to the constant | Used for converting signals to a desired

Modulus  Algorithm) | Conversion modulus characteristic of | modulation format.

[35] certain signals.
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VII. LITERATURE SURVEY

The table provides a comprehensive overview of recent
research endeavors in the field of optical communication
systems. Researchers have addressed various challenges and
explored innovative solutions to enhance system performance
and reliability. Each study delves into distinct aspects, ranging
from signal tracking and convergence properties to the
application of machine learning and advanced modulation
techniques. This diversity of research reflects the dynamic
nature of optical communication and the constant quest for
improved technologies.

In the pursuit of optimizing coherent dual-polarization
receivers with QPSK modulation, one study [39]stands out for
its focus on tracking State of Polarization (SOP) transients in
the presence of Polarization-Dependent Loss (PDL). The
achieved SOP tracking, albeit with a slight signal-to-noise
ratio penalty, showcases the success of the FPGA
implementation and adaptive filter employed.

A comparative study [40]evaluates the convergence
properties of Least Mean Squares (LMS) and Recursive Least
Squares (RLS) algorithms in Spatial Division Multiplexing
(SDM) systems. The findings highlight the superior
convergence properties of the RLS algorithm, contributing
valuable insights into algorithm effectiveness, particularly in
the context of SDM.

Investigating the impact of error feedback delay in
coherent receivers [41], the study utilizes the Constant
Modulus Algorithm (CMA) with error feedback delay to
address Chromatic Dispersion (CD) effects. While successful
in addressing CD effects, the study acknowledges limitations,
primarily being specific to CMA and potential gaps in
covering all impairments.

Efforts to reduce delay in LMS tap weight updates [42],
through pipelining and efficient implementation within the
adaptive filter's feedback loop demonstrate an 18% reduction
in error signal delay. This research highlights the importance
of addressing delay concerns for improved tap weight update
speed in adaptive filters.
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Kalman filtering's application for SOP tracking with PDL and
frequency offset [43], explores a sophisticated approach. The
study, however, reveals challenges related to power
consumption and fiber model considerations, emphasizing the
need for further developments in processing complexity and
energy efficiency.

The table also captures research on unique topics, such as the
study of CAZAC sequences in long-haul transmission systems
[44] and the utilization of Fractional Delay Elements (FDE)
for SOP transients tracking in long-haul transmission [45].
These investigations provide specialized insights into the
impacts and potential applications of CAZAC sequences and
FDE in optical communication systems.

Machine learning's role in optical fiber communication
[46] is explored for phase noise recovery and nonlinear noise
reduction. This study introduces innovative approaches using
principal component-based phase estimation and the K-means
algorithm. However, the study acknowledges limitations,
emphasizing the need for broader applicability and further
verification.

The research findings also extend to visible light
communication (reference [33]), where probability-shaping bit
loading is employed to increase spectral efficiency and
enhance system performance. This study demonstrates
improved spectral efficiency under Signal-to-Noise Ratio
(SNR) and modulation bandwidth constraints, emphasizing its
application in visible light communication scenarios.

Lastly, the investigation into phase noise reduction using
optical feedback in mode-locked lasers for coherent Dense
Wavelength Division Multiplexing (DWDM) communication
[47] showcases the potential of optical feedback. The study
narrows the ray width of Mode-Locked Laser (MLL)
longitudinal modes and effectively processes single
interference signals, indicating the promising use of optical
feedback for phase noise reduction in coherent DWDM
systems.

Table 1V: Research Findings in Optical Communication Systems

Researcher Problem Objectives Method Results Strength Points Limitations
Track SOP
0&222{%}: (rj:caeli_ver transients of 5 FPGA Achieved SOP im Ie':nzgn';tion Limited to QPSK

[39] P with QPSK kHz in the implementation, tracking with 0.5 schessfuI SOP’ modulation, 2.8 Gb/s

; presence of 3 dB adaptive filter dB RSNR penalty - data rate

modulation PDL tracking
Evaluate
. convergence LMS and RLS RLS demonstrated .

Comparison Of.LMS properties of algorithms in SDM superior RLS algorithm Specific to .SDM’ may
[40] and RLS algorithms - f - not generalize to other

in SDM svstem LMS and RLS system with multiple convergence effectiveness svstems

Y algorithms modes properties Y
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Investigate
f Effects of error impact of error - Explored CD Limited to CMA, may
eedback delay using - CMA with error -~
[41] CMA in coherent feedback delay in feedback dela effects, utilized Addressed CD effects not cover all
receiver the presence of y CMA impairments
CD
Pipelining and Pipelining and
efficient Reduce delay in efficient 0 - Specific to adaptive
[42] implementation in LMS tap weight implementation in the elrsrcf; ;?d::;l“g;;n v:/rz;pﬁ)t\aeddl;t’rss teaepd filter, may not apply
adaptive filter updates adaptive filter's g Y ghtup P universally
feedback loop feedback loop
Kalman filtering
Kalman filtering for . N . explored, but High processing
[43] SOP tracking with Ka:m/:rftfﬁ?;rein K;IIDTan filtering with challenges with Explored Kalman complexity,
g and frequency A ;
PDL and frequency for SOP trackin offset power filtering challenges in power
offset 9 consumption and consumption
fiber model
. Study impact of . Detailed study on .
[44] CAZ'?OCn S?ﬁ:jlnce " | cazaCin long- A;alzz:fcgfagﬁhziﬁc CAZAC's impact Insightful study on ngltjg;é)ecaierC
transmisgion system haul transmission a sianals P in long-haul CAZAC a Si na{ls P
Y system g transmission Y
Use FDE for
FDE to track SOP SOP transients FDE for SOP tracking . Ignored other
[45] transients in long- tracking with in long-haul trfg‘;:"”jﬂﬁg& Focgéeg onioe for | impairments like PDL
haul transmission QPSK transmission 9 g and optical filtering
modulation
. Evaluate SOP
SO.P tran_S|ents tracking with FD.E for SOF.’ Explored tradegf‘f Analyzed channel Limited to QPSK
tracking using FDE . transients tracking between averaging . . .
[48][49] - different levels of - : estimate averaging modulation, back-to-
with QPSK - with QPSK and SOP transients
: channel estimate . - tradeoff back penalty
modulation averaging modulation tracking
Machine learning- Phase noise Principal component- Improved phase L e
isted denoising i d based ph - d ilization of hi Limited to specific
[46] assisted denoising in recovery an  based phase noise recovery an Utilization of machine algorithms, may need
optical fiber nonlinear noise estimation, K-means reduced nonlinear learning for demising P
- . ] - broader applicability
communication reduction algorithm noise
Higher entropy
- . Increase spectral Bitloaded discrete achieved under Specific to visible
Probability-shapin Improved spectral
50 bit loadin %‘or vipsib?e efficiency and multi-tone SNR and effi(F:)ienc inpvisible light communication,
[50] light com?nunication system modulation, advanced modulation liaht com);nunication applicability to other
9 performance modulation format bandwidth 9 systems uncertain
constraints
v,;liacirtrr? \g]? ﬁﬂrf{ Further verification
Mode-locked laser Investigate phase - N . needed for mixed
) : - - longitudinal Utilization of optical . .
phase noise reduction noise reduction Mode-locked laser - interference signals
[47] ; : : - - modes, effective feedback for phase . g
in coherent DWDM using optical with optical feedback rocessing of noise reduction processing, specific to
communication feedback P 9 coherent DWDM

single interference
signals

communication

VIII. CONCLUSIONS
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