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Abstract- The improvement of 5G and further technologies has greatly influenced the telecommunication
structures all over the world, including the need to establish effective communication signals in optical systems.
Optical networks have very high bandwidth and low latency; thus, required for the new generations of
communication systems. This paper intends to analyze the principal communication requirements necessary for
reliability in optical networks with contextual information on 5G and beyond cases. They provide information
on the nature of optical networks, the advancement of the 5G technology and the issues that are bound to
characterize the development of effective communication protocols. Herein, the discussion focuses on bits error
rate, quality of service, and network slicing as the main topics as they relate to optical communications. Further,
the paper briefly discusses the future of optical network technologies giving much concentrate on the current
research findings in this field. The results point to the need for the strong protocol to claim that the optical
networks can successfully provide efficient performances in communicating in the current and emerging

environments.
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I. INTRODUCTION 2. Importance of 5G and Beyond in Optical
Networks

5G networks are the newest in the evolution of
mobile communications and operation at very low
latency and  for  massive  machine-type
communications and high reliability. The optical
networks are crucial to 5G and progressing in terms
of high data requirement for various services such
as self-driving vehicles, smart city applications, and
enormous loT devices. In like manner, due to the
advancement of the new generations network
including the 6G and other subsequent generations,
optical communication systems are expected to
support the backbones of these new networks. [3,4]

1. Overview of Optical Networks

Fiber-optic networks operate with the use of light in
the transmission of data over cables; this makes the
structures distinct from copper-wire systems
because of its characteristics such as high data
rates, high bandwidth, and ability to withstand
simple interference. These networks are vital for
backbone in  telecommunication and are
progressively employed in the access or metro for
5G and future use. WDM s a type of technology
used in optical networks to transmit several signals
in one light fiber thus making the network efficient
and capable of handling large amounts of traffic.
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This article is centered on presenting the effective
communication procedures valid for optical
networks in 5G and future networks. This paper also
describes the importance of these protocols to
achieve high reliability low latency as well as
efficient data transmission over the optical
networks. The current protocols, their concerns, and
changes, with emphasis given to the protocols that
will be used in the 5G and future systems are
reviewed in the article. In this regard, information
on error control, QoS and network slicing are
presented in detail to elaborate how they are useful
in the optical communication systems.

Il. BACKGROUND AND FUNDAMENTALS

1. Optical Networks Overview

Key Components of Optical Networks

This is an excerpt from the paper switching systems

and sub-optical networks which outlines some of

the fundamental components of an optical network
as follows:

e Optical Transmitters: The task of converting
electrical signals into optical signals can be
done by Laser diodes or Light Emitting Diode
(LED). They are responsible for fast signaling so
as to encode information for quick
transmission.

e Optical Fibers: These act as the transmitting
medium to carry light pulses over long distance
without a significantly large loss. Single-mode
and multi-mode are the two categories of
fibers, and single-mode fibers are used for
longer distance transmission.

e Optical Amplifiers: Overcomes the attenuation
which affects signals over long distance so that
there will need frequent signal repeaters.

e Optical Switches and Routers: Offer the
flexibility to control the choice of specific traffic
paths and the management of network traffic
for the purpose of delivering the data
efficiently.

e Optical Receivers: It is used to change the
optical signals back to electrical form for further
processing in the system.
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Diagram 1: a schematic representation of an optical
network

2. Wavelength Division Multiplexing (WDM)

WDM is one of the most important technologies in

optical networking where multiple signals can be

transmitted through a single fiber using multiple
colors of light.

e Dense WDM (DWDM): It has wavelength
capacity of up to hundreds hence can hold a
large amount of data.

e Coarse WDM (CWDM): Involves fewer
wavelengths and is comparatively cheap due to
which it is implemented in metropolitan area
network.

Table 1: comparison between dwdm and cwdm

Feature Dense Coarse
Wavelength Wavelength
Division Division
Multiplexing Multiplexing
(DWDM) (CWDM)
Number of Up to 80 or 4t0 18
Channels more
Channel Spacing 08nm-1.6 20 nm
nm
Transmission Long-distance | Short-distance
Distance (up to (up to 80 km)
thousands of
km with
amplification)
Cost Expensive due | Cost-effective
to precise for metro and
components access
networks
Applications Long-haul and Metro
high-capacity | networks and
networks enterprise
solutions
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2. 5G Networks and Beyond

The change from 4G LTE to 5G has brought
different new communication requirement which
has place pressure on the network infrastructure.
Fiber-based optical networks can be considered as
the infrastructure for 5G due to supporting high
data rate, low outage probability, and flexibility. The
networks that will exist post 5G, 6G and so on will
heavily depend on optical solutions to propel
applications such as artificial intelligence for
automation, holography, and smart city among
others. [5,6]

Key Features of 5G and Beyond

Three major service categories which are related to

5G and next-generation networks are as follows:

e Enhanced Mobile Broadband (eMBB): The
improved broadband application provides
extremely high speed for services like video (HD
and 4K), augmented reality, virtual reality etc.

e Ultra-Reliable  Low-Latency = Communication
(URLLC): This would provide extreme reliability
in data transfer real-time hence it will be used
in fields like operation theatres, self-driving
automobiles, industry automation, etc.

e Massive and Massive Machine-Type
Communication (mMTC): Characterized by
billions of connections for loT applications,
Smart city's large scale and industrial
automation.

Optical Networks as the Backbone of 5G

The reliability of 5G as well as the future

generations improves on the efficiency of optical

networks in backhaul, midhaul & fronthaul links.

e Backhaul: It is a network that connects the core
networks to cell towers, and it calls for the use
of optical fibers due to high bandwidth
requirements.

¢ Midhaul: Links the distributed 5G Base stations
and small cells in order to bring them in a direct
connection to the core network with as less
latency as possible.

e Fronthaul: connects RRUs to form central
processing units and requires ultra-low latency
and high bandwidth.

3. Communication
Networks for 5G
However, optical networks are not exempt from
specific challenges at the time of implementing new
changes towards 5G and beyond.

Challenges in Optical

Latency and Synchronization Issues

The 5G applications especially for the ULLC
applications require time synchronization and keen
delay. In order to satisfy these requirements optical
networks need appropriate application of advanced
time sensitive networking (TSN) and dynamic
bandwidth management should be applied. [5]

Scalability Concerns

Thanks to the increasing development of loT

devices and connection structure, the optical

networks should be scalable. This includes:

e About the increase in the wavelength
management efficiency for the growing traffic.

e Software defined networking for enhanced and
efficient network architecture: Network function
virtualization as well.

Interference and Signal Attenuation
Unfortunately, even though optical networks
provide very low susceptibility to electromagnetic
interference, they are prone to:

e Chromatic Dispersion: It relates to spreading
of the signal on the basis of wavelength,
impacts long-distance transmission.

o Polarization Mode Dispersion (PMD):
Fluctuations of signal polarization which results
in signal distortion.

o Nonlinear Effects: Kerr effect and four-wave
mixing (FWM) becomes limitation at high
transmission powers thus distorting the optical
signals.
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Table 2: summary of optical signal impairments,
causes, and mitigation techniques

Impairment Cause Mitigation
Technique
Chromatic Wavelength- Dispersion
Dispersion dependent compensation
signal fiber (DCF),
spreading digital signal
processing
Polarization Variations in PMD
Mode signal compensation
Dispersion polarization techniques,
(PMD) adaptive
equalization
Nonlinear High optical | Power control,
Effects (Kerr, power levels channel
FWM, SPM, causing spacing
XPM) signal optimization
distortion
Fiber Loss of signal Optical
Attenuation | strength over amplifiers
long (EDFA, Raman
distances amplifiers)
Optical Signal Improved filter
Crosstalk interference design,
from optimized
adjacent wavelength
channels allocation

4. Security and Data Integrity

In view of the rising incidences of cybercrimes,

optical networks require installation of elaborate

security features in the transmission of data. Key
security concerns include:

o Link Layer Attacks: Fiber tapping threat and
threat to eavesdropping.

e Data Encryption: Use of quantum key
distribution (QKD) for secure communications.
(8]

o Network Resilience: The ability to counter
against threats that target the technological
structures of a facility and make sure that none
of them are vulnerable to cyber attackers. [1]

I1l. KEY COMMUNICATION PROTOCOLS
IN OPTICAL NETWORKS

1. Optical Transport Network (OTN) Protocol
Optical Transport Network abbreviated as OTN is a
guaranteed framework established by ITU-T G.709
for the purpose of direct transmission of
information through optical fibers. OTN is used for
the transmission of high speed data with features
of error control, traffic multiplexing, and network
flexibly.

Features of OTN

e Forward Error Correction (FEC): Aims at
reducing transmission errors to the least while
correcting bit errors through checking without
the necessity for retransmission.

o Traffic Multiplexing: Acts as a mechanism to
help the signals from multiple clients to be
transmitted over a single optical line carrying
Ethernet, IP or SONET/SDH.

e Fast Delivery: It supports Automatic Protection
Switching (APS) to meet the requirements for
fault recovery.

e Hierarchical Format: It divides the data into
groups of Optical Channel Data Units (ODUs)
that are managed and combined into Optical
Transport Units (OTUs) and then based on the
payload, into Optical Payload Units (OPUs).

OTN in 5G Backhaul and Fronthaul

e 5G Backhaul: OTN also offers high bandwidth
transport for the connection of the core and
access networks.

e 5G Fronthaul: Facilitates low-latency
connections for Remote Radio Units (RRUs) and
Centralized Units (CUs).

2. Synchronous Digital Hierarchy (SDH) and
Synchronous Optical Networking (SONET)

Both of them are synchronous data transmission
protocols used in optical networks worldwide and
known as SDH/SONET respectively.

Features of SDH/SONET
e Synchronous Data Transmission: Uses precise
clocking mechanisms for data synchronization.
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e Self - Healing Networks: These are networks

that come with  protection switching
mechanisms that ensure network high
reliability.

Relevance of SDH/SONET in 5G and Beyond

e Even though these are older architecture
technologies, SDH/SONET are still relevant in
network

some

long

haul and

applications.

e It is also known that their role is gradually
shifting to OTN as well

transport networks.

critical

as packet-based

Table 3: comparison of otn and sonet/sdh

Key Features of Carrier Ethernet

e Scalability: It is capable of delivering up to 400
Gbps in data transfer speed.

e Traffic Engineering: Employ use of VLANs,
MPLS and also QoS policies.

¢ Interoperability: Integrates seamlessly with IP
and OTN.

Time-Sensitive Networking (TSN)

Next, let us define the Time-Sensitive Networking
(TSN) architecture as an advanced Ethernet
technology that supports low latency and
determinism to be used for 5G URLLC.

TSN Capabilities

Feature Optical Transport Synchronous ¢ Time Synchronization: Through the use of the
Network (OTN) Optical Network PTP protocol from the IEEE 1588, switching
- : (SONET) / SBH matrices achieve accurate synchronization in
Scalability High (supports Moderate (up to terms of milliseconds.
prs. Gbps speeds) e Traffic Shaping: Controls bandwidth allocation
transmission) . . N
Error Advanced FEC for Basic error for mission-critical appllcatlons.. .
Correction minimal errors correction e Seamless Redundancy: Provides automatic
mechanisms failover mechanisms.
Latency Low latency with | Higher latency due
efficient to legacy T
multiplexing architecture o
Flexibility Supports multiple | Primarily designed P g .
client signals for TDM-based A‘./ R .‘*\
(Ethernet, IP, etc.) signals / (cHe) %
Network High (automatic Moderate (ring- P/ / —_— I \ i\\\
Resilience protection based protection .
switching) mechanisms) TH] ~o i3 e |”¢'|
Suitability Excellent for Limited due to “!' _ ’ II!
for 5G backhaul/frontha lower bandwidth Tobor Usterver
ul transport efficiency Diagram 2: tsn framework showing synchronization
3. Ethernet-Based Optical Communication 4. Multiprotocol Label Switching (MPLS) in

Protocols

Ethernet is also implemented profusely in the 5G
networks due to flexibility and cost benefit in use of
optical fiber.

Carrier Ethernet (CE)

Carrier Ethernet or CE is then the extension of
Ethernet to carrier networks pertaining into a carrier
Ethernet service with high speed and scalable and
reliable Ethernet transport networks.

Optical Networks
MPLS is a network technology in the optical
network for fast forwarding of packets along with
Traffic Engineering.

MPLS Features in Optical Networks

e Label Switching: This is based on the short
labels instead of the long IP addresses hence
forward delivery is fast.

o Traffic Engineering (TE): Optimizes network
resource allocation and congestion
management.
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MPLS-TP (Transport Profile)

Specifically, MPLS-TP extends MPLS for the packet

transport networks used in communications service

providers, imposes:

e Deterministic Performance: Reliable latency
and packet delivery.

e Path Protection: Ability to reroute in the least
time possible in the occurrence of failure.

Table 4: mpls vs. mpls-tp in optical networks

Feature MPLS MPLS-TP
Packet Label-based Label-based
Forwarding switching switching
Traffic Dynamic and Static and
Engineering | adaptive routing | deterministic paths
QoS Support Advanced QoS Carrier-grade
capabilities deterministic QoS
Network Supports fast Enhanced path
Resilience rerouting protection and
OAM
Control Requires control Can operate
Plane plane protocols without a control
(LDP, RSVP-TE) plane (for
simplicity)
Use Case IP/MPLS Transport networks
backbone in 5G and beyond
networks

5. Software-Defined Networking (SDN) and
Optical Networks

SDN is a new networking architecture where the
control layer is open and programmable different
from the forwarding layer.

Role of SDN in Optical Networks

e Dynamic Bandwidth Allocation: The method
of allocating particular optical wavelengths
within the network with immediate changes.

e Single Control: Helps manage traffic patterns
and failure within the system.

Benefits of SDN in 5G and Beyond

e Agility: Quick reconfiguration of network
paths.

o Network Slicing: Carved out different versions;
sets of the 5G networks to support various 5G
applications.

Optical Wireless = Communication (OWCQ)
Protocols

The Wireless Optical communication is referred as
Free Space Optical communication (FSO) and
Visible Light Communication (VLC), which offer high

speed wireless optical link.

Free Space Optics (FSO)

e There is use of laser beams for communicating
at point to point through the free space.

e Enables transmission to be done at ultra high
speeds with minimal physical structures.

Visible Light Communication (VLC)

e Governs the transmission of data through the
use of visible light signal as it employs the use
of LEDs.

e Can be used in smart lighting system especially
for IoT devices.

IV. IV.PERFORMANCE OPTIMIZATION
TECHNIQUES FOR OPTICAL NETWORKS

1. Advanced Modulation Formats

The modulation techniques are known to have a
big role to play in the actual optimization of data
transmission through optical networks. Bandwidth
efficiency is increased augmented and data rate is
maximal  through  higher-order = modulation
techniques.

Quadrature Amplitude Modulation (QAM)

e Using amplitude and phase together, it is able
to send through one symbol distinct bits.

e They are 16 QAM, 64 QAM and 256 QAM
commonly implemented in 5G fronthaul.

Orthogonal Frequency Division Multiplexing

(OFDM)

e Sends data over a number of distinct
orthogonal subcarriers, this results into

reduction of ISI.

e It is widely employed in elastic optical networks
(EONs) for handling dynamic bandwidth
assignment.
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2. Optical Wavelength Division Multiplexing

(WDM) Optimization

Wavelength Division Multiplexing (WDM), the

signals can be systematically transmitted on the

different wavelengths in a network hence increasing
the network capacity.

Dense Division

(DWDM)

e Hardware Simulation: It is featured with a
capability of up to 160 channels simultaneously
in a single fiber with a channel spacing at
25GHz. [4]

e |t also supports very high-speed data transfer
at Terabit per Second (Tbps). [4]

Wavelength Multiplexing

Elastic Optical Networks (EONs)

e LMR has the ability to dynamically share the
available spectrum out on bases on the
demand in real-time.

e Instead of a fixed channel spacing, it
incorporates the use of flexible-grid technology
hence increasing the spectral efficiency.

Table 5: comparison of fixed-grid wdm vs. elastic
optical networks (eons)

Feature Fixed-Grid Elastic Optical
WDM Networks (EONs)
Channel Fixed (e.g., 50 | Flexible (variable
Spacing GHz, 100 GHz) spacing based
on demand)
Spectral Moderate High (adaptive
Efficiency bandwidth
allocation)
Resource Static Dynamic
Utilization allocation allocation
Flexibility Limited High (real-time
(predefined spectrum
slots) tuning)
Suitability Moderate Excellent
for 5G (adaptive to
traffic needs)

3. Error Correction and Signal

Techniques

Forward Error Correction (FEC)

e Received the capability of checking and
correcting the bit errors without the need for
data retransmission.

e There are other advanced FEC techniques such
as; Low Density Parity Check” — (LDPC) codes
and Turbo Codes.

Processing

Digital Signal Processing (DSP)

e Compensates for chromatic dispersion and
polarization mode dispersion (PMD).

e Enables coherent optical transmission to
enhance the receiver sensitivity.

4. Energy-Efficient Optical Networking

Saving energy in optical networks has become a
noble goal since it supports the global effort to
minimize energy wastage and help organizations
cut their expenditure.

Green Optical Networks

e For low power consumption for energy, the
device employs low power transceivers and
uses optical amplifiers.

e Uses computer based analysis using machine
learning to predict traffic in order to allocate
resources. [9]

Optical Packet Switching (OPS) and Optical
Burst Switching (OBS)
e In the case of OPS, the optical switches data

flows through network directly with no
interconnection to electronics for packet
switching.

o OBS interconnects varieties of data packets in
burst fashion in order to minimize the control
overhead and latency.

5. Traffic Engineering and Network Resource

Optimization

Software-Defined Optical Networking (SDON)

e Proposes how SDN framework be adopted in
the optical network.

e Offers centralized control over the network thus
allowing or disallowing specified access of
different resources.
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Machine Learning for Optical Network
Optimization

Forecasts the traffic on the networks and also
adjusts the bandwidth. [7]

Reduces the costs as it identifies uncertainties
and possible failure areas that if taken care of
early can reduce downtimes for equipment.

Optical Network Security Enhancements
Quantum Key Distribution (QKD)

Leverages quantum mechanics for unbreakable
encryption keys.
The protocol is secure from eavesdropping
attacks since it has mechanisms of identifying
any interception.

Optical Physical Layer Security Mechanisms

The crucial measures that are applied include
polarization scrambling and coherent detection
to overcome interception issues.

Frequency learning is possible due to the
application of fiber Bragg grating (FBG) sensors
when detecting fiber tapping.

V. CHALLENGES AND FUTURE TRENDS
IN OPTICAL NETWORKS FOR 5G AND
BEYOND

1. Challenges in Optical Networks for 5G and

Beyond

Scalability and Bandwidth Limitations

e Optical networks are required to scale towards
terabit-scale levels due to the steadily
increasing mobile data traffic, l1oT, and the
cloud applications.

e While the optical networks are the
predominantly used network today, its typical
structure is inflexible in the way that bandwidth
is assigned along specific wavelengths.

Latency and Synchronization Issues
e 5G services such as vehicular
industrial  automation, tele-surgery,

mandate less than one millisecond latency.
e Mentioned optical transport networks (OTNs)
bring an element of propagation delay which

automation,
etc,

Table 6: Comparison of Traditional Encryption vs.
Quantum Key Distribution (QKD) in Optical

Networks
Feature Traditional Quantum Key
Encryption (AES, Distribution
RSA) (QKD)
Security High but Unbreakable
Strength vulnerable to (based on
quantum quantum
computing mechanics)
attacks
Encryption Key Uses Uses quantum-
Exchange mathematical entangled
algorithms photons
Vulnerability to Moderate None (any
Interception attempt to
intercept
disrupts the key)
Implementation Lower High (requires
Cost quantum optics
infrastructure)
Suitability for 5G Good Excellent for
Networks high-security
applications

hinders smooth running of real-time services.

Network Security Threats

Fiber tapping, signal jamming, and cyber
threats are considered as the major threats for
optical networks. [1]

There are threats from the breakthroughs in the
area of quantum computing in the traditional
methods of encryption.

Infrastructure Deployment Costs

Connection through high-speed optical fiber
networks particularly in the rural and the
underdeveloped regions is still costly.

Some of the solutions are the passive optical
networks (PONs) and the free space optical
(FSO) communication for cheaper
implementation.

Energy Consumption and Sustainability

The efficiency of power consumption of
transceivers, amplifiers, switches in the optical
networks affects the sustainability of the
network.
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e They are in the process of formulating green
optical networks and low power optical switch
gear to conserve Energy.

2. Future Trends in Optical Networks for 5G and

Beyond

Al and Machine Learning in Optical Networking

e Al enables advanced traffic management and
high degree of control of the network resources
in real-time.

e The algorithms in reference help in analyzing
and predicting traffic congestion thereby
minimizing the time associated with it and
enhancing the system'’s robustness.

Quantum Communications and Secure Optical

Networks

e QKD is further being deployed in optical
transport layers for security in transmissions.

e Research in the fields of quantum teleportation
and entanglement-based networking is being
explored to bring in the next-generation
secured communication system.

Terahertz Photonics for

Optical Links

e THz photonics, the transmission of data at a
rate of more than 1 Tbps, is possible & this is
much higher than the fiber optics data
communication rates.

e The future of the high-speed connection with
6G capability is the subject of interest and more
experimental studies are being made on the
hybrid optical-wireless terahertz technology. [2]

Ultra-High-Speed

Optical Network Virtualization (ONV) and

Network Slicing

e Optical network virtualization or ONV is to
allow multiple 10ants to access the network
services in efficient ways thus enhancing the
network adaptability.

o Software defined optical network (SDON)
further optimizes the network and intends to
make it capable of responding to the dynamic
traffic pattern. [10]

Free Space Optics (FSO) and Satellite Optical

Communications

e FSO technology offers network connection of
the cable bandwidth that simulates fiber
connectivity while avoiding implementation in
some regions.

e Satellte Communication By using optical
communication, satellite can provide free space
broadband connection and inter satellite data
handover.

3. Roadmap for Future Optical Networks

Table 7: research gaps and areas for further
development in reliable communication protocols.

Future Innovation

Expected Impact

Al-Driven Optical

Automates real-time

Network traffic control, reducing
Management congestion and
improving efficiency.
Quantum Provides ultra-secure data

Cryptography in
Optical Transport

transmission, immune to
cyber threats.

6G Optical-
Wireless
Convergence

Combines optical fiber
with THz and mmWave
technologies for ultra-fast
connectivity.

Energy-Efficient
Optical
Components

Reduces network power
consumption, improving
sustainability.

Fully Autonomous
Optical Networks

Self-optimizing networks
using Al, SDN, and intent-
based automation.

VI. CONCLUSION

1. Conclusion

Wireless

protocols

remain crucial for

the

development of 5G and further extensions and aim
at providing the transmission of data at a high
speed and low latency with ultra reliability based on
optical networks. From this work, the literature has
been considered to discuss the development of
optical network architecture, communication
protocol, and optimization techniques, with focus
on their importance in meeting the growing trends
in the uses of digital technologies.
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2. Recommendations
Advancing Al-Driven Network Management

Machine learning to improve the predictive
maintenance,  particularly  utilization  of
algorithms to control traffic flow in real-time.
IBN which stands for intent-based networking
should be adopted to automate optical
resource assignment.

Enhancing Security in Optical Networks

Implement secure layering of different modes
of classical and quantum encryption algorithms.

Employment of Intrusion Detection and
Prevention System (IDPS) in the optical
networks.

Optimizing Energy Efficiency

Work on the aspects of the operating power of
the optical transceivers and amplifiers in order
to reduce the power consumption.

Adopt green optical networking solutions
including the use of artificial intelligence in
managing the power of optical nodes.

Expanding Optical Infrastructure for 6G and
Beyond

To address the problem of accessibility in
peripheral areas one has to invest in fiber-
wireless networks.

Improve the possibilities to apply the frame of
the optical network slicing for the provision of
various services.
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