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Abstract— As the world advances into SG networks, significant scientific research accomplishments are being conducted for a
communication system that could further enhance the current limit of data transmission capacity. Currently, the communication
systems with the highest data rate are optical fiber systems. Due to the recent advancement of coherent optical fiber communications
by exploiting time, wavelength, phase, amplitude, polarization, and space, optical engineering can break the petabit barrier data rate.
Thus, coherent optical fiber communications is a hot topic due to its very high data rate that could be applied or a requirement in 5G
and big data analytics. This paper focuses on a comparative survey of the current applied fundamental techniques in fiber
communication channels. These fundamental techniques that could be further studied and exploited to increase the bandwidth
performance, decrease the error rate and energy consumption are coding, multiplexing, and equalization. At the end of this paper, a
comparative result is discussed to explain the difference among the current techniques in the literature for the optical engineering
community to improve collective coding, multiplexing, and equalization in coherent fiber systems.
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I. INTRODUCTION only the transmitter and receiver ends; without changing or
As new applications in 5G technology are being overhauling the optical tr.arllsmis:sion link [1].—[3].

substantiated, these new applications need a massive Dug to the advent of digital signal processing and coherent
bandwidth requirement for them to work. In the last decade, reception over the last decade, a massive data rate of 400 Gbps
ground-breaking developments in the data transmission was posglblg InFenswe researph in coherent optical fiber
medium with the highest capacity were made, and this communications is cqrrently being conduf:ted by researchers,
transmission medium is fiber optics. As the fiber optics engineers, and scientists to ;nhance and increase the current
network is expected to be the dominant transmission medium capacity transmission in optical fiber networks or go beyond
in terms of capacity, it is also expected to be the next- 400 Gbps. Primary researches in advanced error correction,
generation access network. As fiber optics' capabilities and multiplexing, and digital signal processing (DSP) are being
limits had been stretched, dispersion regarding chromatic and conducted beyond the terabits per second (Tbps) data rate and
polarization mode is the central issue that needs to be breaking the petabits per second barrier [1]-{3]. ,
addressed in implementing fiber-optic channels. By The paper addresses the lack of a comprehensive review of
addressing dispersion, bandwidth performance is increased, coding, multiplexing, and equalization techniques used in
and the bit error rate is reduced. Another major issue that coherent fiber communications. This paper mainly focuses on

needs to be addressed is the cost-effectiveness of the solution four techniques that could further enhance the capacity of the

that is being proposed to enhance the current fiber-optic ﬁber opFics channel. The first technique would be error and
networks. By upgrading the current fiber optic networks and llpe coding. The chann@l can have more tolergnce for hllgher
applying cost-cutting, it is crucial to consider that the cheapest bit error rates by having a good error coding technique.

way to upgrade these fiber-optic networks is by modifying Slmultgneously, r.epeaters .and comphcated equghzers to
maintain and retrieve the information are not going to be
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necessary. The second technique is multiplexing. Time,
wavelength, phase, amplitude, polarization, and space
multiplexing techniques are currently being exploited to break
the Petabit barrier.

Moreover, the third and last technique would be
equalization. Due to the recent discoveries with DSP and
combining this with coherent reception, 400 Gbps data rate
was possible. Implementing equalization in fiber optics
network systems can mitigate both linear and nonlinear
effects induced by channel impairments in information or
data, being transmitted such as intersymbol interference (ISI)
and noise [1], [2].

In Section 2, the latest surveys and studies regarding
coherent optical fiber communications are listed and visited.
That section also discusses each component that constitutes a
coherent optical fiber communications system as well as
focuses on the three techniques in detail. Section 3 discusses
a summary and realizations about the content of Section 2.
Section 4 contains the conclusion and recommendation
regarding this survey paper. The last two sections focus more
on finding what is missing in the current surveys and studies
and potentially helping future researchers where to start
regarding the advancement of current coherent optical fiber
communications.

II. MATERIALS AND METHOD

A. Existing Surveys, Studies, and Methodology of This Work

Over the last decade, extensive studies and research were
conducted in a coherent optical fiber communication system.
Studies and research were conducted in both transmitter-
receiver ends and the fiber optical link concerning coding,
multiplexing, modulation, equalization techniques, and
optical fiber's quantum properties. A list of conducted studies
and surveys are as follows:

Morero et al. [4] conducted a study regarding the design
tradeoffs and challenges in practical optical transceiver
implementations. Their study focused on transceiver
implementation that could significantly impact or addressed
data rate, spectral efficiency, flexibility, and cost reductions
such as digital signal processing, forward error correction,
modulation, fundamental limits, complexity, and power
consumption.

Fresi et al. [5] have surveyed the advances of optical
technologies and techniques specifically for high-capacity
communications. The survey was focused on comparing a list
of photonic technologies and communication techniques that
could increase the capacity of optical networks while at the
same time improving cost and power consumption.

Amari et al. [6] conducted a comprehensive survey to
combat fiber nonlinearity in 400 Gbps and beyond optical
communication systems. Nonlinear impairments were
compensated with the use of advanced equalization
techniques such as back-propagation and Volterra series-
based schemes. The survey's primary purpose was to
compensate for nonlinear impairments while achieving
complexity reduction and performance improvement. Their
survey concluded that further studies could be performed in
space division multiplexing (SDM) techniques, C and L
Erbium-Doped fiber amplifier (EDFA), or hybrid EDFA-
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Raman amplification to boost data rate capacity.

Tan et al. [7] performed a study in coherent optical
sampling to monitor optical signal-to-noise ratio (OSNR) in
high-speed optical fiber communications systems. Their
proposal is composed of a technology to monitor OSNR in
coherent optical communications at the expense of lower
complexity and minimal bandwidth requirements, even at a
higher symbol rate. They had also added an algorithm that
could compensate for the uneven spectrum's influence in the
local oscillator to achieve more accuracy.

Tomkos et al. [8] conducted a survey on low-cost and low-
power coherent optical transceivers for 5G front haul links
and datacenter interconnection applications. Their paper
surveyed several options to achieve a DSP-chip-less coherent
optical fiber communication system for cost-cutting. They
had proposed an analog signal processing, consists of all-
optical elements for polarization-multiplexed 1Q signal
coherent detection.

Jing et al. [9] performed a study in optical fiber
communications,  specifically to the time-domain
synchronous orthogonal frequency-division multiplexing
(TDS-OFDM) system. Their study comprised of exploiting
pseudo-noise (PN) guard intervals to mitigate carrier
frequency offset (CFO). Their study resulted in a 10% higher
spectral efficiency than cyclic prefix — orthogonal frequency
division multiplexing (CP-OFDM) since there are no training
symbols or pilot signals needed in TDS-OFDM.

Zhang et al. [10] and Zhang et al. [11] proposed an
equalization technique to mitigate nonlinear channel
impairments and improve transmission performance in a
nonlinear perspective. Zhang et al. [10] studied the
functional-link neural network (FLNN) to combat nonlinear
impairments and improve bit error rate (BER) performance in
coherent optical fiber communications. At the same time,
Zhang et al. [11] studied the multiple layer perceptron-
artificial neural network (MLP-ANN) for nonlinear equalizer
specific in coherent optical OFDM to mitigate nonlinear
channel distortions.

Musumeci et al. [12] have done an overview survey in
machine learning that could be applied in optical networks to
combat nonlinear impairments in the physical layer and apply
traffic prediction at the network layer. Their paper gave
direction for exploring an innovative optical network by
applying machine learning both in DSP optical transceivers
and software-defined optical networks (SDON)

The demand for a reliable transmission becomes stringent
as operators and vendors aim for high spectral efficiency,
dealing with 400 Gbps rate and beyond for a single channel in
optical fiber, thus a need for improvements in the techniques
to minimize the CAPEX of operators and maximize the
capabilities of existing optical infrastructures. One key
enabler of a higher transmission rate is the use of forward
error correction (FEC). A brief understanding and tutorial on
FEC in optical communications are provided by [13]. A
survey of FEC codes and their evolution in time from first-
generation FEC with their strengths used in optical fiber is
presented in the work of [14], which also provided state of the
art FEC for 100G systems and beyond. A comparison and



fundamentals of low-density parity-check (LDPC) codes both
in a block and convolutional structure are shown with design
guidelines for fast convergence by Leven and Schmalen [15].
A combination of coding and modulation are also known as
coded modulation with advanced LDPC structure with
implementations on Field Programmable Gate Array (FPGA),
is discussed by Djordjevic [16]. A more in-depth presentation
of fundamentals in [17] on joint FEC and modulation as well
as tradeoffs in hardware complexity.

The research of [18] experimented and simulated
160Gb/sx80-channel WDM derived from coherent optical
OFDM. The research results show that WDM channels at
12.8Tb/s have a Q of over 15.0dB for 1000 km-long
transmission using a standard single fiber. It was found out
that WDM derived from coherent optical OFDM was able to
maximize spectrum resources and suppressed dispersion and
nonlinear effects in the fiber compared to the conventional
WDM system.

The research of [19] presented a hybrid multiplexed system
which contains four-channel optical time domain
multiplexing and two-wavelength division multiplexing. The
simulations were performed using 40 Gbps of data rate, and
for the linear loss, Erbium-doped fiber amplifiers (EDFA)
were used. The systems were able to reach 1,150 km, and a
higher spectral efficiency was reached; furthermore, the
system cost was reduced. It was also found that it is possible
to design an 8x40 Gbps system using two optical sources.

The research of [20] analyzes the performance of the
Optical time-division multiplexing (OTDM) link at 40 Gbps.
The research simulates the four-channel OTDM system at a
40 Gbps data rate using RZ and NRZ electrical pulses; thus,
dispersion compensating fibers (DCF) were used. The results
show that the system could reach 343 km using single-mode
fiber for both electrical pulses. Moreover, it was found out
that RZ has a higher Bit error rate and Q-factor compared to
NRZ.

The research of [21] proposed a coherent ultra-dense-
wavelength division multiplexing(WDM)-PON for A-to-the-
user access. The research utilized OOK-NRZ modulation and
its architectures. The research could get as low as -52 dBm at
1x10 BER with a data rate of 1.25 Gbps while -49 dBm for
directly modulated laser. The research also proves that the
optical access system of ultra-dense WDM spacing with a 50-
dB loss budget compatible with installed distribution
networks is splitter-based.

The research of [22] compares probabilistic shaping (PS)
64-QAM against hybrid 32/64 QAM in a 400 G per channel
50 GHz WDM system. The research reached 990 km and
improved 83% transmission distance compared with regular-
64 QAM. PS-64QAM can have a 1.6 dB OSNR gain
compared to the hybrid 32/64 QAM, a 37.5% improvement at
the same entropy.

The different works of literature contain each related topic
to be discussed in this paper. The works of literature presented
variations of coding techniques, equalization techniques, and
multiplexing techniques. The works of literature show some
performance, surveys, and evaluations of the said techniques.

The following subsection discusses the block diagram of
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the coherent optical fiber communication system.

B. Block  Diagram of Coherent
Communication System
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Fig. 1 to Fig. 2 presents a block diagram of an optical fiber
communication (OFC). It can be observed that it may
compare closely to that of a wireless system. The re-
emergence of the research in coherent reception in OFC made
the possibility of multilevel formats. In this paper, the authors
discuss some fundamentals and surveys of Channel coding,
Baseband, and Bandpass Modulation, and DSP. The
construction of this paper is subdivided into sections that
discuss important enabling technologies for a coherent
system. Channel coding involves the precoding of data to
induce redundant bits that protect the information from
unwanted and unavoidable impairments in the channel, which
are also decoded at the receiver if left unaddressed.
Multiplexing combines different signals from different
sources to input more information through the channel.
Modulation in baseband and passband exploits multiple



dimensions of the carrier signal, particularly the phase in the
coherent reception that allows multilevel formatting in
encoding information in the signal that dramatically enhances
the data rate. The OFC system's receiving end lies in the
equalization part. The DSP plays a vital role in equalizing
signals to mitigate intersymbol interferences (ISI) due to
modulation and pulse shaping interchannel interferences
induced by multiplexing. In the receiver part, the blocks
presented are reversed in the process of recovering the
transmitted information.

The key factor in coherent optical communications is its
coherent feature in detection; in general, reception
demodulates incoming signals using a local oscillator (LO)
[23]. There are two ways for reception techniques, namely the
homodyne and the heterodyne. The difference between the
two techniques lies in the carrier signals' frequencies and the
local oscillator [1].

Homodyne reception or synchronous detection requires an
optical phase lock loop (OPLL) to recover the received
signals' phase and frequency. The received signal’s phase and
frequency are locked to the LO, and the signal’s absolute
phase and frequency are measured relative to that of the LO
[1]. Fig.2 shows the schematic diagram of a homodyne
receiver.

Heterodyne reception, or termed as asynchronous
detection, does not require OPLL; to add, Heterodyne LO is
approximately the same as that of the receiving signals. The
received optical signals are mixed with an intermediate
frequency (IF) that is about two or three times that of the 3 dB
passband; then, a phase lock loop (PLL) is used in the
electrical domain to retrieve the electronic signal at a lower
carrier frequency [1]. Fig. 3 shows the schematic diagram of
a heterodyne receiver.

Moreover, differential or self-homodyne reception is used
when there is no LO used to demodulate the digital optical
signals; furthermore, the technique is referred to as the
autocorrelation reception process self-heterodyne detection
[1].

In comparing the two detection techniques, homodyne
detection has a potential 3-dB improvement in SNR and has
reduced receiver bandwidth requirement compared to
heterodyne detection. The 3-dB improvement in homodyne
detection is caused by reducing the receiver bandwidth [23].

In an optical fiber communication system, it is necessary to
have a high (Quality factor) Q-factor and less BER. Q-factor
provides a suitable measure of the entire communication
system. In an optical fiber, the Q factor considers factors that
degrade signals such as chromatic dispersion, material
dispersion, losses, noise, nonlinearity property, or any
polarization; and these factors result in several bit errors in the
fiber link. In general, the higher the Q-factor, the lower the
occurrence of bit error, which results in a lower probability of
BER; besides, higher Q-factors result in greater SNR. To add,
Q-factor is a dimensionless parameter [24].

BER is the probability of an error bit to occur in an optical
fiber transmission system; in the same way, BER is defined
as the ratio of error bits to the total number of bits transmitted.
BER is considered in evaluating a transmission system's
performance apart from the optical signal-to-noise ratio
(OSNR). It is stated in [1] that an optical fiber system of a
transmitted bit of 1x107!% with a BER of 1x107 is considered
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as "error-free." BER and Q-factor relationship can be defined

as follows [2] [25], where the erfc denotes the
complementary error function.

1 Q

BER = —efrc (—)
2 V2
(_Q_2> (1)
e 2
T QVZn

C. Techniques Used in Coherent Optical Fiber

Communication System
1) Coding Techniques:

a) Mechanism of Coding

In Figure 1, the block diagram of optical fiber
communication (OFC) is presented. This section provides the
primary mechanism of channel coding. Presented first in the
diagram is the source coding, which deals with the
compression of data transmitted; on the other hand, channel
coding adds redundancy bits for error control against time-
varying nonlinear properties of the channel. Error control can
be done by Automatic Repeat Request (ARQ) for systems that
have bidirectional or full-duplex transmission, which only
allows error detection. Forward Error Correction (FEC)
schemes can correct specific errors during transmission
without resending the data, hence enhancing the reliability
and accuracy of a communication system with low latency
compared to ARQ. Since fiber optics are designed for long-
haul operations, FECs are highly preferred over ARQ.

Implementation of FEC can be applied in three methods,
block, convolutional, or combination of both are known as
concatenated schemes. Block codes have a finite and constant
length of codewords, which are defined as n as the number of
information bits and k as the total length of the block, where
n — k yields the total number of parity bits added to the block,

and the ratio % gives the code rate R. In optical systems, the
parameter of comparison is in terms of overhead is given by
OH = 100 (% - 1) %. Overhead of above 20% is now being

recommended by the Optical Internetworking Forum (OIF) to
standard for Soft Decision (SD) FEC schemes. While block
coding introduces, check bits to a block of bits to introduce
the codeword. The convolutional scheme is continuous,
which introduces check bits after every bit in the memory that
uses a shift register for memory.

Due to different fiber optic channel abnormalities such as
dispersion, noise, attenuation, and nonlinear effects, errors in
the signal are inevitable and results in the misrepresentation
or loss of information received. Shannon's channel capacity
theory gave reliable transmission ideas in a noisy channel
known as the Shannon limit [26]. This limit has been
approached in the last decades using modern, sophisticated
codes parallel with computing resources development. FEC's
basic optical systems' basic parameters are as follows, coding
overhead rate, net coding gain, and post-FEC BER threshold.
Coding gain is a measure of attainable energy per information

bit to the noise spectral density ratio denoted by % The
[

parameters are hereby summarized in Table 1 for

comparisons of tradeoffs.



The decision point and decoding method are also
considered. It may be based on certain thresholds where 1s or
0s occur or the probability if 1 or 0 occurs with the Log-
likelihood Ratio (LLR) and with multiple quantization levels
of 2™. These are namely Hard Decision FEC (HD-FEC) and
Soft Decision FEC (SD-FEC), respectively. SD-FEC has gain
popularity in parallel with the development of coherent
optical technology. These SD-FEC gains favor by using
statistical methods that provide a more confident decoding
process using confidence bits at the expense of latency. FEC's
two types of decision processes can also be used with the
desired tradeoff between complexity bandwidth, power
consumption, coding gain, and achievable distance. As
reported by [14], a 1- to 2-dB coding gain can yield an
additional 20-40% in the total achievable distance. With these
said improvements of SD-FECs, HD FEC can also be used
solely or concatenated to clean up residual errors brought by
SD decoding.

TABLEI
KEY PARAMETERS OF FECs
Parameters Description Benefits Tradeoff
Net Coding the efficiency of more complexity
Gain the coding extended
(NCG) technique maximum
range and
capacity

Overhead the ratio of OSNR spectra/ data
Rate (OH) redundant bits to compensatio rate

the number of n and

information bits transmission

computed reach
Soft uses a higher coding gain  complexity,
Decoding quantization level  and reach power
(SD) for the decision consumptio

process of n, and cost

decoding
Hard uses bits "1" or moderate latency
Decoding "0" with a certain ~ gain and
(HD) threshold for low cost

decoding the

transmitted

symbol

b) Coding in Coherent Optical Fiber Communications

The coherent technology in OFC paved the way for the use
of high-level or multilevel modulation formats that are used

in wireless communications. However, the multilevel
modulation format is more susceptible to noise due to the
small distances in the decision region concerning the
constellation points; thus, the need for robust FEC. In the rise
of coherent detection, SD-FEC gained popularity due to its
multilevel quantization property, enhancing coding gains.
These SD-FEC are categorized as the 3 Generation FEC.
Implementation of SD FEC requires a higher overhead,
yielding high coding gain and better performance with the
expense of a more complex decoding process and power
consumption.

Specific parameters have also emerged due to probabilistic
nature like mutual information and generalized mutual
information. Probabilistic amplitude shaping introduces a
concatenation of an outer code, a distribution matcher, and an
inner FEC code experiment [27]. Various techniques have
been developed in the past decade regarding FEC and are
focused on the popular codes, the LDPC codes by Gallager
[28]. LDPC codes can be termed as universal codes due to
their flexibility regardless of channel type [29]. LDPC codes
can also be modified by their code rates when dealing with
essential parameters such as power dissipation and other
factors [16] pointed out the attractive, adequately designed
LDPC codes. Fig. 4 shows a parity check matrix of an LDPC
decoder with a tanner graph representation where most LDPC
are analyzed using this graph.

Adaptive FEC selection or rate adaptable codes proposed
an algorithm for elastic optical networks. It can minimize
overhead rate based on the calculated OSNR of any light path,
saving the spectra and computational power used for the
overhead of robust FEC schemes for different channel
conditions. Rate adaptive FECs are also flexible based on the
distance of transmissions, the high overhead for the long haul,
and the low overhead otherwise. These FEC schemes are
combined with modulation schemes, which are popularly
known as Coded Modulation (CM) schemes, to optimize
processes needed for optical communication.  Recent
advances such as Super Coherent Technologies are on the
hotspot with the introduction of Probabilistic Constellation
Shaping (PCS) and FEC [30], [31]. The said technologies
require an adaptive scheme of FEC known as multi-rate FEC.
Probabilistic shaping maps the constellation property of
modulation that changes symbol distribution modeled to a
Gaussian distribution, in which low amplitudes are sent more
often than that of far from the constellation.

TABLE I
FEC SCHEMES FOR COHERENT OFC
FEC Scheme Brief Description/ Key Features Decision Overhead Main Advantages
Point
Two Iteration outer BCH [3904,3820] with inner HD 6.81% low complexity decoder
Concatenated BCH  BCH [2040,1952] with block
code [32] interleaving method
Turbo Product Code  concatenated product codes with HD 20% fast convergence with a small
(TPC)/Block Turbo  shortened BCH number of iterations
Code (BTC) [33]
LDPC CC spatially coupled codes LDPC SD -4 bits  20% shorter codeword length
(convolutional (10032,4,24), decoder latency is

codes) [34] reduced by half using message passing

algorithm (MPA)
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Concatenated
LDPC and Reed
Solomon (RS)
codes [35]
Concatenated QC-
LDPC and SPC
codes[36]

Single Quasi-Cyclic
(QC) LDPC [37]

QC-LDPC codes
with Regular
Column Partition
(RCP) [38]
Spatially Coupled
LDPC [39]

Concatenated non
binary LDPC and
HD-FEC [40]
Triple Concatenated
FEC [41], [42]

Staircase codes [43]

Multidimensional
Turbo Product
codes (MTPC) [44]
Generalized LDPC
(GLDPC) [44]

Super Product BCH
[45]

Continuously
Interleaved BCH
(CI-BCH) [46]
Unequal Error
Protection (UEP-
BCH) [47]

Swizzle (Spiral
Interleaved Turbo
FEC) [48]

Braided BCH codes
[49]

Concatenated
LDPC-Staircase
Codes [50]
Concatenated
LDGM-staircase
FEC [51]
Improved Low
power LDPC [52]

Regular Column
Partition(RCP)
Quasi-Cyclic Non-
Concatenated
LDPC code [53]
Iteration aware
LDPC codes [54]

Multiple Structured
Spatially Coupled
LDPC with BCH
codes [55]

concatenation of LDPC (9216,7936)
inner code with girth 6 and RS
(992,956) as outer code

concatenated QC-LDPC and SPC codes

single non concatenated QC- LDPC
(18360,15300) with girth 8

LDPC long codewords with RCP
allowing an efficient parallel
implementation

concatenated spatially coupled LDPC
(38400,30832) with a BCH code
(30832,30592)

non binary LDPC (2304,20480) and
RS(255,239)

LDPC inner codes with a pair of
concatenated HD block codes

binary generalized LDPC a
combination of recursive convolutional
and block coding

generalization of Turbo Product codes

with serial concatenation component
code of RS and MTPC

BCH(3908,3824) as row code and
BCH (2031,1954) as column codes

Based on interleaved BCH (1020,988)

a modified product codes that checks on
the normal and check bits using
BCH(1632,1588) x { BCH(1280,1236)
+ BCH(1280,1225) }

inspired by an LDPC structure in a
spiral pattern

spatially coupled codes LDPC

leaves some inner codeword uncoded,
thus reducing complexity

Pareto optimized Low-Density
Generator Matrix (LDGM)
concatenated with Staircase Codes
Priori Assisted Adaptive Degeneration
(PAD) algorithm for decoding

variable-rate code with adaptive
algorithm and good performance in
various channel condition

LDPC codes with limited iterations in
decoding

concatenated MSSC-LDPC
(38400,30832) and BCH (30832,
30592)

SD - 2 bits

SD- 4 bits

SD

SD - 5 bits

SD - 4 bits

SD-5

bits/HD

SD - 3bits

HD

HD

HD

HD

HD

HD

HD

HD

SD

SD

SD- 5 bits

SD

SD

20.5%

20.50%

20%

20%

25.50%

20.50%

20.50%

6.70%

20%

20%

7%

7%/12%/20%

7%

6.70%

7%

20%

20%

20%

20,18.18,16.66 %

25%

20.5% and 25.55

low complexity with high error-
correcting performance

enables high-speed implementation

no error floor and low complexity

low error floor and tolerable latency

high performance on error floor and
waterfall region

good performance against burst
errors

high net coding gain

low latency encoding with variable
latency in decoding

low complexity

low complexity

low complexity, better burst error
correction

low complexity/ for burst error

no error floors and high NCG

eliminates error floor and low
latency

low complexity

low complexity

low complexity

low power

adaptive power consumption and
programmability of OH

reduced complexity

low error floor and suppressed
residual error
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Rate Adaptive FEC
[56]

concatenated row split LDPC and
shortened BCH

Hybrid Polar LDPC  four-dimensional CM scheme Hybrid

CM [57] Polar combined with Non-Binary
LDPC and Probabilistic Shaping

Rate Adaptive Staircase structure with LDPC as

LDPC [58] component code

LDPC with LDPC inner code with a Staircase outer

Probabilistic code

Shaping [59]

Non-Binary LDPC rate-adaptive by varying submatrices

Coded Modulation row weights and adaptive to varying

(NB-LDPC-CM) channel condition

[60]

All-optical FEC convolutional FEC (7,5)8 coding

[61], [62] scheme in the optical domain using

optical XOR gates

SD -4 bits  25.5% to 149.5%  no degradation as baud rates
increases

SD 7% low complexity and reduced
transmit power

SD/HD Adaptive low energy and can mitigate error
floor

- - increase in transmission distance

SD Adaptive low complexity and latency

- no conversion needed with high
coding gain

Check Nodes

Variable Nodes or
Bit Nodes

Tanner Graph Representation of Parity Matrix
H

C1 C2 C3 C4 C5 C6
o 0 1 1 o0 1

o o0 o

©006

1 1 1
o 1 1 0 1 O
11 0 1 o0 O

Parity Matrix H

Fig. 4 Parity Check Matrix and Corresponding Tanner Graph

¢) Comparison of different Coding Techniques for Coherent
Optical Fiber Communication

Table 2 presents vast literature, proposals, and field
simulations of FEC schemes in OFC. It can be observed that
most of the schemes are based on the LDPC structure, as these
codes are flexible and non-proprietary. The overhead or the
redundancy ratio for SD is seen to be 20%, which implies
robustness against noise and can be used for long-haul
transmission at the expense of complexity. Today, emerging
research topics are the joint optimization of FEC technique
and modulation and applying probabilistic shaping included
in the final part of the table for reference. Choosing the best
FEC depends on the application, in the metro, data center
interconnect, or access networks and the table presents state
of the art and advanced coding schemes to be a starting point.

2) Multiplexing Techniques:

a) Mechanism of Multiplexing

Multiplexing is a technique that combines various signals
onto a single channel (fiber) to maximize the transfer of
information over optical fiber communication. Multiplexing
technologies include wavelength division multiplexing
(WDM), optical time-division multiplexing (OTDM), hybrid
multiplexing, and optical orthogonal frequency division
multiplexing (OFDM). Wavelength Division Multiplexing
(WDM). To increase network capacity, WDM maximizes the
entire bandwidth in optical fiber. The technique combined
several signals (A1, A2, A3,...,AN) from a different transmitter
in a multiplexer, and the combined signal is transmitted on the
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same fiber; in this case, each channel has its dedicated
bandwidth, and all signals have the same time of arrival [63].
Fig. 5 shows an overview of a WDM system.

A type of WDM was developed for single-mode fiber
named Dense WDM (DWDM). DWDM is primarily used
with optical signals multiplexed in the 1.55um wavelength
region with erbium-doped fiber amplifiers (EDFAs) to
increase the system's capacity. For the long-haul DWDM
system, EDFA's and dispersion compensation are needed to
offset optical signal power losses caused by passive devices
and optical wavelength demultiplexers [senior]. An example
of generic long-haul DWDM that uses EDFA and chromatic
dispersion compensator is shown in Fig. 6 below. DWDM
primarily utilizes narrow channel spacing such as 1.6 nm (200
GHz), 0.8 nm (100 GHz), and 0.4nm (50 GHz). Hence, the
single optical fiber can accommodate many wavelength
channels using DWDM [23].
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Fig. 5 WDM System [63]
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Fig. 6 DWDM System [23]



b)  Optical Time Division Multiplexing

Time Division Multiplexing (TDM) is a technique
commonly used in digital multiplexing. TDM allows one or
more transmitters to transmit low or medium bit rates on the
same high-speed channel [63]. The narrow pulses from
different channels are interleaved and transmitted
sequentially; thus, the single-fiber link bandwidth utilization
increases [23]. However, TDM imposes limitations on the
bandwidth utilization of a single-mode fiber link [23]. Optical
Time Division Multiplexing (OTDM) is an alternative
technology developed to increase the digital optical fiber
system bit rate to exceed the limits. OTDM system combines
optical data at basic bit rate B and the number of channels N
in the time domain to obtain a higher associated bit rate (N x
B) [63]. Despite using different optical sources, the signals are
emitted at the same optical wavelength [23]. Fig. 7 below
shows the ODTM of the N-channel Fiber system. Fig. 7
shows that a single clock drove the transmitters. The pulses
from each transmitter are synchronized and delayed by a
fraction of clock period At. Crosstalk can be avoided if the
source is able to generate optical pulses with a duration of
<1/N of the clock period [63].

¢) Optical Frequency Division Multiplexing

Frequency Division Multiplexing or FDM uses multiple
subcarriers instead of a single carrier to increase channel
efficiency. The subcarriers are centered by data signal when
modulated, and the modulated subcarriers or subcarrier
multiplexed signals parallel to each other are then transmitted
simultaneously. Guard bands separate subcarriers to avoid
overlapping. At the receiver side, the subcarriers are
demodulated with filters to separate the frequency bands [23].
Fig. 8 below shows FDM with six subcarriers separated by
the guard bands.

Clockl

T1 T2T3TNT1

2

H=
7]

=4

2

-
z

Fig. 7 OTDM System [63]

d) Orthogonal Frequency Division Multiplexing (OFDM)

OFDM, a multicarrier transmission technique, is a
particular case of FDM. OFDM subcarriers frequencies are
orthogonal (i.e., perpendicular) to each; thus, the subcarriers
do not interfere with each other. In this case, OFDM can
compress multiple modulated carriers hence removing the
guardband requirements and reducing bandwidth [23]. Fig. 9
below shows the spectrum of OFDM.

In comparison with Fig. 8, both figures have the same span
of the spectrum. However, OFDM has better bandwidth
saving compared to FDM. OFDM utilizes the inverse fast
Fourier transform (IFFT) for its modulation and fast Fourier
transform (FFT) for demodulation. Moreover, the
perpendicularly positioning of the subcarriers results from
FFT operation, hence the name orthogonal FDM [23].
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Fig. 8 Optical Frequency Division Multiplexing [23]
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e) Space-division Multiplexing

Another technique in multiplexing is space-division
multiplexing (SDM). The technique utilizes multi-core fibers
(MCFs) to increase the optical transmission capacity;
generally speaking, the capacity can be increased by
increasing the number of cores [64].

Hybrid Multiplexing. Hybrid multiplexing is a technique
that combines different optical signal multiplexing
techniques. This technique is used to combine each
technique's advantages; in the same way overcomes
drawbacks by combining a specific technique to another
[23],[63].

6 orthogonal carriers Bandwidth Savings

Amplitude

Frequency

Fig. 9 OFDM Spectrum [23]

v

The multicarrier coherent optical system can be assumed as
frequency division multiplexed if each different channel is to
be separated by tuning the local oscillator of the receiver;
moreover, the coherent system, in which its receiver used
optical front-end modules such as Fabry—Pérot interferometer
or another optical filter in selecting different optical channels,
is considered wave division multiplexed. According to [23],
coherent optical transmission's primary advantage is its
selectivity of wavelength/frequency in narrow channel
spacings; to add, more optical carriers could be employed
when using coherent optical receivers capable of being tuned
in a specific incoming carrier signal. The coherent optical
system has the advantage of utilizing sizeable optical
bandwidth while avoiding possible bottlenecks made by the
speed of electronics within a single-carrier system [23].

Coherent Optical OFDM (CO-OFDM) was developed to
prevent both fiber chromatic dispersion and polarization
mode dispersion. Fig. 10 below shows a generic CO-OFDM
system. The transmitter block has an RF-OFDM transmitter,
which generates a baseband OFDM signal; following this, the
OFDM signal is then upconverted to the optical domain with
the help of an in-phase and quadrature modulator based on
Mach-Zehnder modulators (MZM). The signal is sent to an
optical-to-RF downconverter that uses a 90° optical hybrid
and two balanced receivers, and the signal is down-converted
from optical OFDM signal back to baseband; after this, RF
OFDM receiver process and demodulates the OFDM signal
to recover the data [18],[23]. Fig. 10 shows a generic CO-
OFDM system (S/P stands for series-to-parallel, GI for guard
interval, and AWG for an array of waveguides).

Multiplexing in Coherent Optical Fiber Communications



TABLE III
PARAMETERS OF MULTIPLEXING TECHNIQUES

Multiplexing Number of Bit Rate Modulation Length Pulse Source  Transmission Minimum Q
Technique Channels/ User (Gbps) (km) Format Power Wavelength Bit Error
(nm) Rate
(BER)
OTDM][63] 4 channels 40 Amplitude 180 RZ 2 dBm 1562 7.98x107 3.53
(1.5 mW)
DWDM][65] 32 wavelength 320 - 40 RZ-EM -10 dBm 1550 3.74x10% 14.6
channels (ext. mod.) (1 mW)
DWDM][66] 8§ DWDM 80 - 84 RZ 3 dBm 1550 1.87x104 14.73
channels (2 mW)
DWDM][66] 8§ DWDM 80 - 84 NRZ 7 dBm 1550 8.89x10-1° 6
channels (5 mW)
OTDM-WDM 384 channels 240 Amplitude 780 RZ 5 dBm 1550 2.78x10°18 8.53
[67] (3.2 mW)
(Hybrid Multiplexing)
CO-OFDM-WDM [68] 512 subcarriers 48 4 QAM 200 NRZ -15dBm 1550 1.1x1010 6.30
(Hybrid Multiplexing) 4 WDM to 15
channels dBm
(varied)
highest bit rate is not apparent due to the different number of
channels. Dividing the number of channels to the system's
OFDM Transmitter RF-to-Optical total bit rate can show which designed multiplex channel has
i upconverter the highest bit rate.
Datainput | | oI é 8Hr Lia g 2 As can be seen in Table 3, CO-OFDM-WDM and the third
% 2% |= < = DWDM are multiplexing techniques that are in NRZ format;
= i to add, among the three DWDM, the third DWDM or DWDM
9 on NRZ format has the highest power, which is in 7dBm, and
— m' it has the lowest BER and Q-factor. Furthermore, it can be
Data Out | Data [-— seen in Table 3 that CO-OFDM-WDM in NRZ format has a
“T|P/S| |Symbol| " |FFT| - = .
deClSlOn Offset and T E hlgh-power source'. . . .
L e | [ From Table 3, It is ambiguous to conclude which technique
Optical-to-RF

OFDM Receiver downconverter

Fig. 10 CO-OFDM system [18],[23]

g) Comparison of Different Multiplexing Techniques for
Coherent Optical Fiber Communications

Table 3 shows the different techniques of multiplexing and
its parameters from [63] [65]-[68]. These parameters were
observed to be common from the literature of various
methodologies.  For instance, each paper has different
considerations and circumstances affecting its systems. These
include integration or combination of different techniques
such as modulation techniques, the different gain of
amplifiers, or different compensation techniques for
chromatic dispersion, nonlinear effects, and the like. To add,
the considerations mentioned include length. It can be seen in
Table 3 that each optical fiber system has a different length.

Thus, the attenuation, which has the units (dB/km), came
into play. Indeed, the longer the length, the higher the
attenuation and other parameters such as chromatic dispersion
that degrade the fiber optical system's performance. It is not
easy to compare the multiplexing techniques due to the
differences in the sources' approach. Thus, the bit error rate
(BER) and Q-factor are needed to be considered. BER and Q-
factor are conventional methods to assess the whole
transmission system's performance regardless of differences
or methods used in the system.

The parameter that usually first to examine is the bit rate,
which tells how many bits are transmitted in a second.
However, concluding which multiplexing technique has the
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has a better Q-factor due to the differences in length. To have
a comparison, the authors should establish ground in
comparison. The first step is multiplying the Q-factor and the
length of the fiber (Q x Length). The product is then divided
into any arbitrary values of length, obtaining a Q-factor for
multiplexing techniques in uniform length. In this case, the
difference in fiber length is omitted, and all Q values are
relative to a specific length.

It can be observed in Table 4 that the designed CO-OFDM-
WDM has the highest bit rate per channel, followed by
OTDM and DWDM at 10 Gbps, while OTDM-WDM has the
lowest value.

TABLE IV
Q-FACTORS OF MULTIPLEXING TECHNIQUES
Multiplexing Length (km) Bit rate
OTDM 180 10 Gbps/channel
DWDM 40 10 Gbps/channel
DWDM 84 10 Gbps/channel
DWDM 84 10 Gbps/channel
OTDM-WDM 780 625 Mbps/channel
CO-OFDM-WDM 200 12 Gbps/channel

Moreover, the arbitrary value of length to be chosen must
be relative to each length present from the above tables. The
last column of Table 5 shows the Q divided by 228 km. It can
be observed that the OTDM-WDM system still the highest
value of Q, but it has the lowest bit rate per channel among
the multiplexing techniques. Even though CO-OFDM-WDM



shows a lower Q-factor than OTDM-WDM, CO-OFDM-
WDM shows a higher bit rate among all the techniques.
OTDM and the other two DWMD [65] and [66] have Q-
factors with a slight difference. Moreover, DWDM in RZ
format designed by [66] performed better than the DWDM
designed by [65].

3) Equalization Techniques:

a) Mechanism of Equalization

Channel equalization deals with intersymbol interference
(ISI) that is detected at the receiver. This intersymbol
interference causes disruptive or unwanted channel effects
that significantly degrade or, worst, renders the data or
information received at the receiver unreadable. When a
receiver has multiple channels, multiple symbols are being
received across these multiple channels, introducing this ISI.
Thus, intersymbol interference is introduced by sending more
symbols than independent dimensions.

How does transmission and reception of data or
information work, and how do noise and intersymbol
interference be introduced or developed in a channel and then
seen at the receiver? The transmitted signal and waveform in
transmitting symbols are depicted by s(t) and u(t)
respectively, while the interval of a symbol and the nth
symbol is depicted by T and b, respectively, thus the
transmitted signal is shown as b,u(t — nT) in (2) [69], [70].

s(t) = Z b,u(t —nT) )

r(t) = Z b,v(t —nT) + n(t) 3)

k=—o0

On the other hand, the received signal is shown in (3),
where the received signal and received waveform are depicted
by r(t) and v(t) respectively, while the nth symbol received
and intersymbol interference plus the noise are depicted by
b,, and n(t) respectively [69], [70].

An equalizer is introduced or added into the system to
combat these unwanted channel effects caused by intersymbol
interference. Intersymbol interference causes bit rate error
(BER) as it makes difficulties and errors in the recovery
process of the same transmitted symbols. Thus, equalizers are
implemented to retrieve the correct transmitted symbols.
Equalizers are also called filters, as their primary purpose is
to remove unwanted channel effects [69].

As shown in Fig. 11, a feed-forward equalizer is a passive
equalizer that compensates for intersymbol interference. The
feed-forward equalizer is deployed at the receiver end to
create delayed versions of the input signal and implemented
with multiple-tap filters along with multiple tap coefficients,
which these coefficients have a net sum of one. The output
signal from these taps is added back to produce a summed
output, which is then forwarded to a bit slicer to mitigate pre-
and post-cursor intersymbol interference [71].

On the other hand, an adaptive equalizer or another name
for it is a decision feedback equalizer. As shown in Fig. 12, it
is used to mitigate nonlinear channel effects and intersymbol
interference. An adaptive equalizer is a self-learning
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implementation that removes unwanted attributes in the input
signal and channel impairments by updating the weights to
eliminate the error signal [69].

Delay]T Delay]T Delay}T Delay

Input

Tap 1 Tap 2 Tap 3
Level Level Level

Output
4 A A h
NN VAN

Fig. 11 Block diagram of a feed-forward equalizer with multiple taps

Desired
Signal

(z

Fig. 12 Block diagram of an adaptive equalizer
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Error
Signal

Output
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Adaptive Algorithm

In Fig. 13, the adaptive equalizer, as shown, is usually
composed of multiple weights. Having multiple weights
maximizes the results and minimizes the error signal.
Multiple weights or feedback reduces the error signal to the
minimum or acceptable levels. [69].

b) Equalization in Coherent Optical Fiber Communications

It is necessary to enhance the system by modifying only the
transmitter and receiver ends or without touching or
intervening with the deployed fiber cables to improve the
overall performance and capacity of existing optical fiber
communication systems while maintaining minimal expenses
to improve the current system. Hence, most equalizers are
implemented at the receiver end, and some are implemented
at the transmitter. Equalizers fit this scenario where optical
fiber communications improvement is only implemented at
the receiver and transmitter end.

Adaptive

Weights

DD D 2D
NPAMNPAMNPNPE:

Fig. 13 Block diagram of an adaptive equalizer with multiple weights

Input

Due to the massive amount of data being transmitted in
these optical fiber channels because of coherent transmission,
nonlinear channel effects were prevalent, especially
intersymbol interference because of dispersion, resulting in
pulse overlap between time and space. Thus, the receiver
could no longer differentiate the boundaries of each pulse.
Thus, it is deduced that this causes a too much bit error ratio.
An equalizer is introduced to mitigate this intersymbol



interference at the receiver end. There are two main categories
in the algorithms of these equalizers, which are linear and
nonlinear. The nonlinear algorithms have all the advantages
to mitigate this intersymbol interference. However, the
downside in implementing these nonlinear algorithms is the
hardware cost and complexity. Thus, research between linear
and nonlinear equalizers is thoroughly being conducted
because of this compromise and attaining optimum results by
either implementing linear, nonlinear, or a combination of
these equalizers.

¢) Comparison of Different Equalization Techniques for
Coherent Optical Fiber Communications

Table 6a and Table 6b show different equalization

techniques experimented with or tested over the last five

years. The table's attributes comprise equalization technique,

modulation scheme, data rate, different types of gain,

including link budget, FEC BER-threshold, LASER type,
Transmission wavelength, single-span, and overall or
maximum testing distance. The authors chose a modulation
scheme to experiment, which influences the proposed
system's data rate and spectral efficiency. Gains, link budget,
and FEC BER-Threshold were the parameters used whether
the equalization technique being implemented is effective or
not. In the LASER type column, the following types of lasers
were used, electro-absorption-modulated laser (EML), direct-
modulated laser (DML), Mach-Zender modulator (MZM),
external cavity laser (ECL), continuous-wave laser (CWL),
distributed feedback laser (DFB), and local oscillator laser
(LOL). The LASER types, transmission wavelength, single-
span distance, and overall or maximum testing distance were
varying parameters to test the different equalization
techniques in varying conditions or avoid bias results

TABLE V
Q-FACTOR AT VARIOUS LENGTHS
Multiplexing Pulse Bit rate Original length Q Q x Length Q x Length
Format (km) /228 km
OTDM [63] RZ 10 Gbps/channel 180 3.53 635.4 2.79
DWDM [65] 1% RZ 10 Gbps/channel 40 14.60 584 2.56
DWDM [66] 2™ RZ 10 Gbps/channel 86 14.73 1237.32 5.42
DWDM [66] 3™ NRZ 10 Gbps/channel 86 6 504 2.21
OTDM-WDM [67] RZ 625 Mbps/channel 780 8.53 6653.4 29.18
CO-OFDM-WDM [68] NRZ 12 Gbps/channel 200 6.30 630 5.52
TABLE VI (a)
EQUALIZATION TECHNIQUES AND SCHEMES
o0
g = ? 3
E ~ o 5 < g E
ﬁ ~ ~ = ] < =]
g RiO2 s z Z %
= 2 &J = &~ = N = a S =
E = 2S5 5 & = 2 E =k
= £ 2 S rE & £ 2 2 57 -
s = s 2:5EC & o E a0 =2y 2
E 2% G2 Z32i: 3 2 £z % I: ¢
s 23 ¢ 533 & T EE & &3 2
41-tap Feed- OOK 50 31.8dB—(LB) 2 EML 1342 20 20 The proposed
Forward x 1072 equalization
Equalization + technique
Maximum- achieved a 1 dB
likelihood Sequence improvement in
Estimation [72] FEC BER-
threshold and
attaining a 31.8
dB Link Budget
32-tap Feed- OOK 50 34.8 dB - (LB) 2 DML 1342 20 20 The proposed
Forward x 1072 equalization
Equalization [73] technique
achieved a 34.8
dB Link Budget
and attaining a -
29.8 dBm
receiver
sensitivity
Feed-forward OOK 40 25 dB - (LB) 1073 MZM 1550 20 20 The proposed
equalization + equalization
Decision Feedback technique
Equalizer [74] achieved a 25 dB
Link Budget
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Maximum-
likelihood Sequence
Estimation [75]

5-tap Feed-Forward
Equalization + 1-
tap Decision
Feedback Equalizer
[75]

15-tap Feed-
Forward
Equalization + 1-
tap Decision
Feedback Equalizer
[75]

13-tap Feed-
Forward
Equalization + 7-
tap Decision
Feedback Equalizer
[75]

Bayesian Filter [76]

Newton-Based
Support Vector
Machine Nonlinear
Equalizer [77]

Fully Blind
Density-Centroid
Tracking Equalizer
[78]

Inverse
Hammerstein
Nonlinear Equalizer
[79]

Radial Basis
Function Neural
Network Nonlinear
Equalizer [80]

Support Vector
Machine-based
Nonlinear Equalizer
[81]

Digital Back-
Propagation
Equalizer [82]

OOK

OOK

OOK

OOK

64-QAM

16-QAM

64-QAM

QPSK

16-QAM

16-QAM

64-QAM

25

25

25

25

40

80

210

-24.06 dBm —
(RS)

-18.68 dBm —
(RS)

-21.84 dBm —
(RS)

-22.83 dBm —
(RS)

3dB-(Q)

3.5dB - (G)

2 dB - (G)

1 dBm > LE -
(©)

2.5 dB > ANN-
NLE - (Q)

1 dB> ANN-
NLE - (Q)

0.4 dB - (Q)

1073

1073

1073

1073

x 1072

1073

1073

1073

1073

1073

3.8
x 1073

EML 1545
EML 1545
EML 1545
EML 1545
ECL 1550.2
ECL -
MZM 1550
MZM -
MZM -

ECL -

25

25

25

25

250

100

80

120

100

100

160

25

25

25

25

800

2000

80

120

1200

400

160

Maximum-
likelihood
Sequence
Estimation
achieved the best
performance
compared to
other proposed
equalization
techniques as it
achieves the best
receiver
sensitivity of -
24.06 dBm

3 dB gain is
achieved against
inter-channel
nonlinear effects

3.5 dB power
gain was
achieved
compared to
Linear
Equalization

2 dB overall
improvement
compared to
back-to-back
signal while
maintaining low
system
complexity

An increase of
around 5 km
transmission
distance was
achieved

The proposed
equalization
technique
achieves 2.5 dB
gain more
compared to
ANN-based
Nonlinear
Equalizer

The proposed
equalization
technique
achieves a 1 dB
penalty
improvement
compared to
ANN-based NLE
The proposed
equalization
technique
mitigated around
60% of nonlinear
noise resulting in
a 0.4 dB gain
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Support Vector 16-QAM 100 1.11dB>
Machine Nonlinear Volterra-NLE,
Equalizer [83] 1.17 dB > W-H-
NLE, 1.56 dB >
LE-(Q
Functional-Link 16-QAM 100 7 dBm — (TP)

Neural Network-
based Equalizer
[10]

107

3.8

X

CWL 1550 80 400 The proposed
equalization
technique
outperforms the
other
equalizations
such as V-NLE,
W-H-NLE, and
LE

The proposed
equalization
technique
achieved a 7%
improvement in
FEC BER-

threshold

ECL 1550 50 1000
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III. RESULTS AND DISCUSSIONS

A. Coding Techniques

Table 2 in Section 2 provides a comprehensive survey
about proposed and implemented coding schemes for higher
speed in coherent optical fiber communication. The listed
codes are compared based on their decision or decoding
methods and their main advantages. It can be observed that
the majority of the schemes are targeting lower complexity of
decoding circuits, which provides lower latency and costs.
The redundancies or OH are also considered, given that a
higher OH enhances robustness for longer transmissions.
Mitigating error floors are also considered by other schemes
that enhance the performance of the code.

Channel coding plays a vital role in an efficient and error-
free transmission at higher speeds. This survey provides a
valuable review of such codes tested, implemented, or
simulated for  advancement, standardization, and
interoperability of coherent optics. FEC schemes are
proprietary to vendors, and FEC schemes' standardization and
interoperability remain a challenge to this day. Different FEC
can be combined with other schemes such as Coded
modulation (CM) and probabilistic shaping [30], and
application in the optical domain also brings a new
perspective for future optical networks [61]. The simulation
of schemes under the same parameters and other schemes that
are not yet fully implemented on hardware is recommended
for future works.

B. Multiplexing Techniques

Section 2 shows some multiplexing techniques gathered
from the literature of [63] and [65]-[68]. The common
parameters from each literature were taken to have a
comparison among the techniques. The techniques' bit rate
was compared. As shown in Table 5, CO-OFDM-WDM
designed by [68] has the highest bit rate per channel of 12
Gbps. The purpose of having three DWDM presented in table
3 is to see the difference between NRZ and RZ format. Two
DWDM designed by [65] and [66] are in the same RZ format
but with different power sources and lengths, while the last
DWDM, designed by [66], is in NRZ format. By comparison
to both DWDM designed by [66] and have the same

1061

parameter values, the NRZ format needs higher source power
than DWDM in RZ format; in this case, DWDM in NRZ
format needs 7 dBm to achieve BER of 8.89 x107'°. Also, both
DWDM in RZ format have close values of BER and Q-
factors.

The performance of the optical fiber system was compared
using the Q-factors of each technique. Q-factors and the
length were multiplied and divided by an average of the total
length to obtain a base comparison. In general, the formula
used for comparison is Q multiplied by its length divided by
the average length (Q x Length /Average Length). Table 5
shows the results of Q of multiplexing techniques in uniform
length. CO-OFDM-WDM has the highest Q-factor but the
lowest in terms of bit rate.

C. Equalization Techniques

As shown in Table 6a and Table 6b, a comprehensive
survey of equalization techniques and algorithms experiments
and tests conducted over the last five years shows that many
studies support vector machine or supervised machine
learning. The equalizer is being utilized to lower the BER,
thus lowering the receiver sensitivity at the same time. By
lowering the receiver sensitivity, one can lower the launched
optical power or increase the overall link budget. By
successfully increasing the link budget, one can increase the
fiber optic channel's transmission distance without the need
for a repeater or amplifier.

Based on Table 6a and Table 6b, the furthest testing
performed without a repeater or amplifier was at 250 km, and
the maximum testing distance was at 3200 km. These results
show that one could transmit data at a distance of 3200 km
using around nine repeaters or amplifiers. However, even if
implementing equalizers significantly improves the fiber
optics channel's overall system, the end utilization must also
consider its hardware implementation cost and complexity.
Thus, most of these studies revolve around finding the best
equalization technique and algorithm that yields optimum
overall performance, such as mitigating fiber channel optic
channel dispersions while attaining low hardware cost and
complexity. The latest work, such as those in [90]-[93], do
not provide pertinent information to be included in the survey
but can be considered in the future.



TABLE VI (B)

EQUALIZATION TECHNIQUES AND SCHEMES
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Fuzzy-logic-based 16-QAM 46 1.8dB—-(Q) 10~¢ DFB 1550.2 100 2000 Fuzzy-logic
Nonlinear Equalizer always has the
[84] best performance
compared to the
Hierarchical Clustering  16-QAM 46 -1.2dB-(Q) 10~¢ DFB 1550.2 100 2000 other algorithms
Nonlinear Equalizer while maintaining
[84] low power
K-means Clustering 16-QAM 46 -0.2dB-(Q) 10~¢ DFB 1550.2 100 2000 consumption and
Nonlinear Equalizer lower system
[84] complexity
Artificial Neural 16-QAM 46 0.7dB - (Q) 10~¢ DFB 1550.2 100 2000
Network-based
Nonlinear Equalizer
(84]
Fast-Newton Support 16-QAM 46 0.7dB - (Q) 10~¢ DFB 1550.2 100 2000
Vector Machine
Nonlinear Equalizer
(84]
Inverse Volterra-series 16-QAM 46 0.7dB—-(Q) 10~¢ DFB 1550.2 100 2000
transfer function
Nonlinear Equalizer
(84]
15-tap Finite Impulse Sinusoidal 20 —44.7 dBm — 10~2 DML 1552.68 40 40 Optimum receiver
Response Filter + -shaped = (RS) sensitivity was
Constgnt Modulus Quadrat{:r achieved;
Algorithm-based ¢ Phase- however,
Equalizer [85] shift convergence time
Keying takes about 40
(QPSK) seconds
1-tap Butterfly Finite Polarizati 448 -24 dBm—-(RS) 3.8 - - 0.6 8 The proposed
Impulse Response Filter  on x 1073 advanced
+ N-tap Real-valued Division equalization
Finite Impulse Multiplexi technique had
Response Filter + 3-tap  ng (PDM) achieved an
Post Finite Impulse 16-QAM overall 1-dB
Response Filter [86] receiver
sensitivity penalty
Maximum-Likelihood 16-QAM 41 1.7dB> 1072 ECL 1550.2 100 3200 The proposed
Recursive Least- Volterra-based equalization
Squares-based Support NLE - (Q) technique has

Vector Machine Blind
Nonlinear Equalizer
(87]

optimum results if
implemented in a
high number of
subcarriers
because it can
mitigate inter-
subcarrier four-
wave mixing
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Least Mean Square PDM 10 13 dBm — (TP)
Adaptive Equalizer [88] QPSK
Volterra-based Dual 256 1.8 dB-(Q)
Nonlinear Equalizer Polarizati
[89] on 16-

QAM
Multiple Layers 16-QAM 40 1.4dB-(Q)
Perceptron Artificial

Neural Network-based
Nonlinear Equalizer

[11]

3.8 LOL - 60 120
x 1073

2.5 - - 75 1570
x 1072

1073 - - 100 600

The optimum
performance was
achieved by
implementing
more than 2 Mrad
per second
polarization speed
to improve system
performance and
tackle high
polarization
rotation issues
The proposed
equalization
technique
achieved a
transmission
distance of 1570
km or a 48%
increase
compared to
Linear
Equalization

1.4 dB gain was
achieved for a 600
km transmission
distance

IV. CONCLUSIONS

The authors were able to gather literature related to coding
schemes and develop a survey table. The survey was able to
show each advantage of the FEC schemes presented. The
coding schemes were also compared based on their decoding
methods. The majority of the schemes showed lower
complexity of decoding circuits; thus, these schemes provide
lower latency and cost. The redundancy was also considered,;
consequently, higher OH enhances robustness for longer
transmission.

The author was able to present and discuss some
multiplexing techniques gathered from different works of
literature. Among the techniques, CO-OFDM-WDM was
designed with a higher bit rate per channel. Three DWDM
techniques were presented; in particular, two DWDM is in RZ
format and one in DWDM in NRZ format. In summary, the
RZ format requires lesser power than NRZ; likewise, the RZ
format has a lower BER than RZ.

Based on the results in Table 5, the designed OTDM-WDM
by [67] has the highest Q-factor relative to 228 km among the
gathered techniques. However, overall, OTDM-WDM has a
lower bit rate than the designed CO-OFDM-WDM by [68];
besides, CO-OFDM-WDM shows a higher Q-factor
compared to the other two multiplexing techniques (OTDM
and DWDM).

Finally, the authors gathered from different literature that
contains conducted tests and experiments related to
equalization techniques. As discussed, an equalizer is used to
mitigate unwanted channel effects to lower the BER. Thus, by
lowering the BER, a lower receiver sensitivity would identify
information or symbols in a multiple independent dimension.
It was observed that increasing the launched optical power
and lowering the receiver sensitivity results in increasing the
overall link budget.

Moreover, by increasing the link budget, an increase in
transmission distance is possible without a repeater or
amplifier. Table 6a and Table 6b showed that the maximum
reach is 250 km; meanwhile, with around nine repeaters and
amplifiers, the maximum distance can reach 3200 km.
Furthermore, tradeoffs between system improvement and cost
must be considered when implementing an equalizer because
most of the equalization techniques and algorithms gathered
yield an optimum overall performance increase. However,
they significantly vary in hardware complexity and cost. For
further studies, computation of hardware cost and complexity
must be evaluated against the top equalization technologies
while including a comparison of just simply adding a repeater
or amplifier and deploying a new fiber cable, whichever
yields the optimum results in terms of data rate, hardware
cost, and complexity. The authors propose simulations to
compare the above schemes reasonably as future work.
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