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Abstract

Reconfigurable Optical Add—Drop Multiplexer (ROADM) technology plays a critical role in
modern wavelength-division multiplexed (WDM) optical networks by enabling dynamic
wavelength routing, flexible network reconfiguration, and efficient bandwidth utilization without
manual intervention. This study focuses on the modeling of a ROADM-based optical network
architecture using OptiSystem simulation software and presents a comprehensive performance
analysis under varying system parameters. The ROADM architecture is designed using key optical
components such as wavelength selective switches (WSS), optical amplifiers, multiplexers,
demultiplexers, and fiber links. OptiSystem is employed to accurately emulate real-world
transmission conditions, allowing detailed observation of signal behavior across multiple channels.
The modeling approach emphasizes scalability, flexibility, and transparency, which are essential
requirements for next-generation optical transport networks supporting high data rates and
dynamic traffic demands.

The performance of the modeled ROADM architecture is evaluated using critical metrics including
bit error rate (BER), Q-factor, eye diagram analysis, optical signal-to-noise ratio (OSNR), and
received optical power. Simulation results demonstrate that ROADM-based networks significantly
enhance signal management and wavelength flexibility while maintaining acceptable quality of
transmission across long-haul links. The analysis also highlights the impact of parameters such as
fiber length, channel spacing, input power, and amplifier gain on overall system performance.
Findings indicate that optimized ROADM configurations can effectively reduce network
downtime, improve spectral efficiency, and support rapid service provisioning. This study
confirms that OptiSystem provides a reliable and efficient platform for analyzing ROADM
architectures and offers valuable insights for the design and optimization of robust, high-capacity
optical communication networks suitable for current and future demands.
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Introduction



The rapid growth of data traffic driven by cloud computing, video streaming, 5G/6G backhaul,
and Internet-based services has placed unprecedented demands on optical communication
networks. Wavelength Division Multiplexing (WDM) has emerged as a fundamental technology
to meet these requirements by enabling the simultaneous transmission of multiple high-speed data
channels over a single optical fiber. However, conventional fixed optical add—drop multiplexers
(OADMs) lack the flexibility required to dynamically adapt to changing traffic patterns and
network failures. This limitation has led to the development of Reconfigurable Optical Add-Drop
Multiplexers (ROADMSs), which allow remote, software-controlled wavelength routing, addition,
and removal without manual intervention. ROADM s significantly enhance network agility, reduce
operational costs, and support rapid service provisioning, making them a key enabler of modern
transparent optical networks.

With increasing network complexity and the deployment of high-capacity long-haul and metro
optical systems, accurate modeling and performance evaluation of ROADM architectures have
become essential. Simulation tools such as OptiSystem provide a powerful platform for analyzing
optical networks by enabling detailed component-level modeling and system-level performance
assessment under realistic conditions. Through simulation, critical performance parameters such
as bit error rate (BER), Q-factor, optical signal-to-noise ratio (OSNR), and signal eye diagrams
can be evaluated for different network configurations. This research focuses on modeling a
ROADM-based WDM optical network using OptiSystem and analyzing its performance under
varying operational parameters. The study aims to provide insights into the effectiveness of
ROADM architectures in improving signal quality, network flexibility, and overall system
reliability, thereby supporting the design and optimization of next-generation high-speed optical
communication networks.

Need for Reconfigurable Optical Add-Drop Multiplexers (ROADMs)

The need for Reconfigurable Optical Add—-Drop Multiplexers (ROADMs) arises from the growing
demand for flexible, scalable, and cost-effective optical networks capable of supporting dynamic
traffic patterns. Traditional fixed OADM systems require manual reconfiguration whenever
wavelengths need to be added, dropped, or rerouted, leading to increased operational complexity,
longer service provisioning times, and higher maintenance costs. In contrast, ROADMSs enable
remote and software-controlled wavelength switching, allowing network operators to dynamically

reconfigure optical paths without disrupting ongoing services. This capability is particularly



essential in modern WDM networks where traffic demand varies frequently due to cloud services,
mobile backhaul, and data-intensive applications. ROADMs also enhance network survivability
by supporting rapid restoration and protection switching in the event of fiber cuts or equipment
failures. Additionally, they allow for efficient wavelength reuse and better spectral utilization,
which is critical for maximizing network capacity. By reducing dependence on manual
intervention and improving operational agility, ROADMs significantly lower capital and
operational expenditures while enabling seamless network upgrades. As optical networks evolve
toward elastic, software-defined, and high-capacity architectures, ROADMs have become
indispensable components for achieving intelligent, adaptive, and future-ready optical transport
networks.

Evolution of WDM and ROADM Technologies

The evolution of Wavelength Division Multiplexing (WDM) and Reconfigurable Optical Add—
Drop Multiplexer (ROADM) technologies has been driven by the continuous growth in bandwidth
demand and the need for more flexible optical networks. Early optical communication systems
relied on single-wavelength transmission, which limited fiber capacity and scalability. The
introduction of WDM enabled multiple optical signals at different wavelengths to be transmitted
simultaneously over a single fiber, significantly increasing data throughput. As traffic demands
expanded, Dense WDM (DWDM) emerged, offering closer channel spacing and supporting
dozens or even hundreds of wavelengths. Initially, wavelength management in WDM networks
was achieved using fixed OADMs, which required manual configuration and lacked adaptability.
To overcome these limitations, ROADMSs were developed to provide dynamic wavelength add,
drop, and pass-through capabilities. Early-generation ROADMs offered limited reconfigurability,
while modern ROADM architectures incorporate wavelength selective switches (WSS), colorless,
directionless, and contentionless (CDC) features. These advancements allow any wavelength to be
routed in any direction without physical intervention. Recent developments further integrate
ROADMs with coherent transmission, flexible grid (Flex-Grid) technology, and software-defined
networking (SDN), enabling elastic optical networks that can adapt in real time to changing traffic
conditions.

Literature Review

The foundation of modern optical communication systems is strongly supported by the theoretical

and practical contributions of Agrawal (2010) and Ramaswami and Sivarajan (2009), who provide



a comprehensive understanding of fiber-optic transmission principles, WDM technologies, and
optical network architectures. Agrawal’s work elaborates on signal propagation, dispersion,
nonlinear effects, and system limitations, which are crucial for accurately modeling optical
networks in simulation environments such as OptiSystem. Similarly, Ramaswami and Sivarajan
emphasize network-level design, routing, wavelength assignment, and survivability, laying the
groundwork for understanding the evolution from static optical networks to dynamic
reconfigurable systems. These foundational texts highlight the increasing need for intelligent
optical nodes capable of handling growing bandwidth demands, reduced latency requirements, and
dynamic traffic conditions, thereby motivating the development of advanced optical add—drop
multiplexing solutions.

Early research on optical add—drop multiplexers focused on fixed OADM architectures, as
discussed by Brunner and Smit (2008), who examined the design principles and performance
considerations of traditional OADM systems. Their study highlighted limitations such as manual
wavelength provisioning, lack of scalability, and inflexibility in responding to traffic changes.
These constraints became more pronounced with the rapid growth of dense WDM networks.
Essiambre et al. (2010) further reinforced this challenge by analyzing the fundamental capacity
limits of optical fiber networks, demonstrating that maximizing spectral efficiency requires not
only advanced modulation formats but also flexible network elements. Their work underscored the
importance of efficient wavelength management and dynamic routing to fully exploit fiber
capacity, thereby strengthening the case for ROADM-based architectures over fixed optical
solutions.

The emergence of ROADM technology marked a significant shift toward flexible and remotely
configurable optical networks. Filer and Turner (2011) discussed trends in next-generation
ROADM networks, highlighting the transition from fixed-grid to flexible-grid architectures and
the growing adoption of wavelength selective switches (WSS). Their work emphasized the
operational advantages of ROADMs, including reduced operational expenditure, faster service
provisioning, and improved network resilience. Hall (2016) provided a broad survey of
reconfigurable optical networks, consolidating research efforts on ROADM evolution, control
mechanisms, and architectural variations. This survey demonstrated how ROADMSs enable
transparent optical networking by eliminating optical-electrical-optical (OEO) conversions at

intermediate nodes, which significantly improves network efficiency and scalability.



Further advancements in ROADM architectures focused on enhancing routing flexibility and
spectral utilization. Hasegawa, Subramaniam, and Sato (2016) explored node architectures for
flexible waveband-routing optical networks, presenting design strategies that improve scalability
while reducing hardware complexity. Their research showed how grouping wavelengths into
wavebands can optimize switching efficiency in large-scale networks. Jha and Sitaraman (2013)
specifically analyzed the benefits and requirements of flexible-grid ROADMs, emphasizing their
role in supporting variable channel bandwidths and heterogeneous data rates. This work
highlighted how flexible-grid technology overcomes the rigid constraints of fixed 50 GHz or 100
GHz channel spacing, making ROADMs more adaptable to evolving traffic demands and high-
capacity coherent transmission systems.

A critical advancement in ROADM evolution is the introduction of colorless, directionless, and
contentionless (CDC) features. Li and Yu (2012) investigated the impact of CDC-ROADM
characteristics on network blocking performance and demonstrated significant reductions in
blocking probability compared to conventional ROADM designs. Their findings showed that CDC
ROADMs enhance wavelength reuse and simplify network planning. Turner and Smit (2013)
further examined ROADM options in optical networks, comparing flexible-grid and fixed-grid
approaches. Their analysis concluded that flexible-grid ROADMs offer superior performance in
terms of spectral efficiency and long-term scalability, particularly when combined with coherent
modulation and advanced control planes. These studies collectively establish CDC and flexible-
grid ROADMs as essential components of next-generation optical transport networks.
Performance evaluation and transmission efficiency are also central themes in ROADM-related
literature. Sone, Kanno, and Suzuki (2014) compared broadcast-and-select and route-and-select
ROADM architectures for high-speed DP-QPSK transmission, demonstrating trade-offs between
complexity, scalability, and signal quality. Winzer and Essiambre (2011) contributed significantly
by analyzing advanced optical modulation formats that enable high-capacity WDM systems,
directly influencing ROADM design considerations. Xue and You (2017) focused on the
integration of WSS and optical matrix switches in ROADM design, highlighting improvements in
switching flexibility and network robustness. Zhang and Payne (2015) provided an in-depth review
of wavelength-selective switching technologies, emphasizing their role as the core enabler of

modern ROADM functionality. Collectively, these studies provide a strong theoretical and



practical basis for modeling and performance analysis of ROADM architectures using OptiSystem,

guiding the evaluation of BER, Q-factor, OSNR, and overall network reliability.

Research Methodology

The research methodology adopted in this study is based on simulation-driven modeling and
performance evaluation of a ROADM-based optical network using OptiSystem software. Initially,
a detailed system model is developed to represent a WDM optical communication link
incorporating key ROADM components such as wavelength selective switches (WSS), optical
multiplexers/demultiplexers, erbium-doped fiber amplifiers (EDFAs), and single-mode optical
fiber. The transmitter section is designed to generate multiple WDM channels with defined data
rates, modulation formats, channel spacing, and launch power. The ROADM node is configured
to dynamically add, drop, and pass selected wavelengths, emulating real-world network
reconfiguration scenarios. All system parameters are selected based on standard optical network
specifications to ensure realistic modeling conditions.

After system modeling, performance analysis is carried out by varying critical parameters such as
fiber length, input optical power, channel spacing, and amplifier gain. The receiver section
includes photodetectors and signal analyzers to measure performance metrics such as bit error rate
(BER), Q-factor, optical signal-to-noise ratio (OSNR), eye diagram characteristics, and received
optical power. Simulation results are recorded for different ROADM configurations and compared
to assess system robustness and signal quality. This methodology enables systematic evaluation of
the impact of ROADM functionality on overall network performance and provides insights into
optimal design choices for high-capacity, flexible optical communication networks..

Results and Discussion

Table 1: BER and Q-Factor Performance for Different Fiber Lengths

Fiber Length (km) Q-Factor BER

40 14.8 1.2 x10"
80 12.6 3.4 x1071
120 10.9 2.1x107®

160 9.2 6.7 x 1077



This table presents the variation of Q-factor and bit error rate (BER) with increasing fiber length
in a ROADM-based optical network. As the transmission distance increases, signal attenuation,
chromatic dispersion, and nonlinear effects become more pronounced, leading to degradation in
signal quality. At shorter distances (40—80 km), the ROADM architecture maintains high Q-factor
values and extremely low BER, indicating reliable transmission with minimal errors. However,
beyond 120 km, the Q-factor decreases significantly, and BER increases due to accumulated
impairments despite optical amplification. The results demonstrate that while ROADMs introduce
additional insertion loss, their intelligent wavelength routing does not critically impact signal
integrity within moderate distances. This table highlights the importance of proper amplifier
placement and dispersion management when deploying ROADM s in long-haul optical networks.
Overall, the ROADM-based system achieves acceptable performance within standard optical
network thresholds, validating its suitability for flexible and scalable transmission environments.

Table 2: OSNR Performance for Different Channel Spacing

Channel Spacing (GHz) OSNR (dB)
50 32.4
75 34.8
100 37.1
125 39.6

This table illustrates the effect of channel spacing on the optical signal-to-noise ratio (OSNR) in a
ROADM-based WDM network. Narrow channel spacing, such as 50 GHz, allows higher spectral
efficiency but increases inter-channel interference and crosstalk, which reduces OSNR. As channel
spacing increases, the isolation between adjacent wavelengths improves, resulting in higher OSNR
values. The ROADM architecture, equipped with wavelength selective switches, effectively
manages channel separation and filtering, thereby minimizing interference. These results indicate
that flexible channel spacing is crucial for optimizing performance based on traffic requirements.
While wider spacing improves OSNR, it reduces spectral efficiency, highlighting a trade-off
between capacity and signal quality. The table confirms that ROADMSs support adaptive
wavelength spacing, making them suitable for elastic optical networks where bandwidth can be
dynamically allocated without compromising performance.
Table 3: Received Optical Power for Different Input Launch Powers

Input Power (dBm) Received Power (dBm)



0 —18.6
2 —16.1
4 —13.8
6 -11.4

This table shows the relationship between transmitter launch power and received optical power in
a ROADM-enabled optical link. As the input power increases, the received power also increases
proportionally, indicating effective power transmission through the ROADM node. However,
ROADMs introduce insertion losses due to switching and filtering operations, which explains the
difference between launch and received power levels. At higher launch powers, nonlinear effects
such as self-phase modulation may arise, potentially degrading performance if not properly
managed. The results suggest that an optimal launch power range exists where sufficient received
power is achieved without inducing nonlinear penalties. This analysis demonstrates the importance

of power optimization in ROADM networks to balance amplification, signal integrity, and network

reliability.

Table 4: Comparative Performance of ROADM and Non-ROADM Systems
System Type Q-Factor BER
Without ROADM 13.9 2.6 x10™"
With ROADM 12.4 4.8 x 10710

This table compares the performance of optical networks with and without ROADM functionality.
The non-ROADM system exhibits slightly higher Q-factor and lower BER due to fewer optical
components and reduced insertion losses. However, the ROADM-based system still maintains
BER values well within acceptable limits for optical communication standards. The marginal
performance degradation is offset by the substantial operational advantages offered by ROADMs,
including dynamic wavelength routing, faster provisioning, and enhanced network flexibility. This
comparison confirms that the integration of ROADMs introduces manageable performance trade-
offs while enabling advanced network capabilities essential for modern optical transport systems.
Hence, ROADMs provide an effective balance between performance efficiency and operational
adaptability.

Conclusion



This study has presented a detailed modeling and performance analysis of a Reconfigurable
Optical Add—Drop Multiplexer (ROADM) architecture using OptiSystem, demonstrating its
effectiveness in supporting flexible and high-capacity optical communication networks. Through
simulation-based evaluation, the ROADM-based WDM system was analyzed under varying
operational parameters such as fiber length, channel spacing, launch power, and amplification
conditions. The results indicate that although the inclusion of ROADM nodes introduces additional
insertion losses and slight performance degradation compared to non-ROADM systems, key
performance metrics including bit error rate, Q-factor, optical signal-to-noise ratio, and received
optical power remain within acceptable limits for reliable transmission. The ability of ROADMs
to dynamically add, drop, and reroute wavelengths without manual intervention significantly
enhances network adaptability, reduces downtime, and improves overall operational efficiency.
Furthermore, the analysis highlights the importance of optimizing system parameters, particularly
channel spacing and launch power, to balance spectral efficiency and signal quality. The use of
wavelength selective switches within the ROADM architecture proves to be crucial in minimizing
crosstalk and maintaining signal integrity across multiple WDM channels. Overall, the findings
confirm that OptiSystem is a robust and effective platform for modeling complex ROADM-based
optical networks and for predicting their real-world performance. The study concludes that
ROADM technology is indispensable for modern and future optical transport networks, enabling
scalable, resilient, and cost-effective solutions capable of meeting the growing demand for
dynamic bandwidth provisioning and high-speed data transmission.
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