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Abstract

The exponential growth of Internet Protocol (IP) traffic driven by cloud computing, video streaming, 5G networks, and
Internet of Things (10T) applications has created unprecedented demands on network infrastructure. While IP networks excel
at routing and forwarding data packets, they require a robust underlying transport layer to efficiently carry high-capacity
traffic over long distances. Optical Transport Networks (OTN) have emerged as the de facto standard for this transport layer,
providing the bandwidth, reliability, and efficiency that modern IP networks demand. This article presents a comprehensive
analysis of why IP networks fundamentally require optical transport infrastructure. We examine the architectural relationship
between IP and OTN layers, analyze the scalability limitations of IP-only networks, and explore how OTN addresses critical
requirements including bandwidth management, quality of service, network protection, and operational efficiency. Through
detailed technical analysis supported by performance data and industry implementations, we demonstrate that OTN is not
merely complementary but essential to modern IP network operations. Our findings show that OTN-supported IP networks
achieve up to 40% reduction in power consumption, 99.999% availability through advanced protection mechanisms, and
support for terabit-scale bandwidth demands. This research provides network architects, engineers, and telecommunications
professionals with a foundational understanding of the symbiotic relationship between IP and optical transport layers.
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l. INTRODUCTION efficiently manage this traffic volume, particularly over
metropolitan and long-haul distances.

According to the Ericsson Mobility Report (June
2025), global mobile network data reached 180
exabytes/month in Q2 2025 [1]. The International
Telecommunication Union's Facts and Figures 2025 report
further underscores this growth, revealing that the global
Internet population expanded by over 240 million users in
2025, reaching approximately 6 billion people
representing three-quarters of the world's population [1a].
This dramatic increase stems from multiple factors
including the proliferation of high-definition video
streaming, cloud computing adoption, 5G mobile
networks deployment, and the expanding Internet of
Things ecosystem [2]. Traditional network architectures
that rely solely on IP routing and switching struggle to

Internet Protocol networks, while revolutionary in
their ability to provide connectionless packet switching
and intelligent routing, were not designed to function as
standalone transport systems for today's traffic demands
[3]. IP routers excel at making forwarding decisions based
on packet headers and maintaining routing tables, but they
face fundamental limitations when tasked with
transporting terabits of data across fiber infrastructure.
These limitations include inefficient bandwidth utilization,
limited error correction capabilities, absence of native
protection switching mechanisms, and high power
consumption when scaling to meet capacity demands [4].

The proliferation of 5G mobile networks, with
approximately 3 billion subscriptions representing one-
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third of all mobile broadband connections globally, further
intensifies bandwidth demands [la]. However, 5G
coverage remains highly uneven, reaching 84% of the
population in high-income countries but only 4% in low-
income nations, creating substantial disparities in network
infrastructure requirements [la]. Optical Transport
Networks address these challenges by providing a
dedicated transport layer specifically engineered for high-
capacity data transmission over fiber optic infrastructure
[5]. OTN, standardized by the International
Telecommunication Union as ITU-T G.709, creates a
hierarchical digital wrapper around client signals,
including IP traffic, enabling efficient multiplexing,
switching, and transport across optical networks [6]. The
integration of OTN with IP networks creates a layered
architecture where each layer operates at its optimal
function: IP handles intelligent packet processing and
routing while OTN provides efficient, high-capacity
transport with built-in performance monitoring and
protection mechanisms.

The relationship between IP and OTN layers
represents more than mere compatibility; it embodies a
fundamental architectural principle where specialized
layers cooperate to deliver optimal network performance
[7]. This separation of concerns allows network operators
to scale bandwidth independently of routing complexity,
implement transport-layer protection without impacting IP
operations, and optimize each layer for its specific
function [8]. As networks evolve toward software-defined
architectures and disaggregated hardware models, the
clear delineation between IP and transport layers becomes
even more critical for operational flexibility and network
programmability [9].

This article provides a comprehensive examination
of why modern IP networks require optical transport
infrastructure. We analyze the technical, operational, and

economic factors that make OTN essential for
contemporary  network  operations, explore the
architectural integration between IP and OTN layers, and
examine real-world implementations demonstrating the
benefits of this layered approach. Our analysis draws upon
current industry standards, performance measurements
from operational networks, and projections for future
network evolution.

FUNDAMENTAL ARCHITECTURE OF IP
AND OTN LAYERS

A. The OSI Model and Transport Layer Requirements

The Open Systems Interconnection (OSI) reference
model provides the conceptual framework for
understanding network layer functions and their
interactions [10]. Within this model, IP operates primarily
at Layer 3 (Network Layer), responsible for logical
addressing, routing, and packet forwarding across
interconnected networks. However, IP requires underlying
layers to physically transmit data across communication
media. Traditionally, Layer 2 (Data Link) and Layer 1
(Physical) provide this foundation, but in modern high-
capacity networks, a specialized transport layer between
pure Layer 2 and Layer 1 functions has become necessary
[11].

OTN functions as an optical transport layer that sits
below IP in the protocol stack, providing a standardized
method for transporting various client signals, including
Ethernet, Fiber Channel, and native IP traffic [12]. The
OTN layer creates a digital wrapper around client signals,
similar to how SONET/SDH operated but with greater
efficiency and flexibility. This wrapper includes frame
structure, overhead bytes for performance monitoring,
error correction through Forward Error Correction (FEC),
and mechanisms for multiplexing multiple client signals
onto high-capacity wavelengths [13].
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Fig 1 IP-Over-OTN Layered Architecture



B. IP Network Limitations Without OTN

IP networks operating without a sophisticated
transport layer face several critical limitations. First,
bandwidth scalability becomes problematic as router port
speeds increase. While modern routers support 400
Gigabit Ethernet interfaces and are moving toward 800G
and 1.6T ports, transmitting these data rates efficiently
over long distances requires specialized optical
transmission equipment that routers alone cannot provide
[14]. IP routers consume significant power when
performing both routing functions and signal regeneration
for long-haul transmission, making pure IP transport
economically unsustainable at scale [15].

Second, IP networks lack native transport-layer
protection mechanisms. While IP routing protocols can
reroute around failures, convergence times typically range
from hundreds of milliseconds to several seconds, far
exceeding the 50-millisecond protection switching
requirement for carrier-grade services [16]. IP-based
protection also consumes router processing resources and
may cause packet loss during convergence periods. Third,
IP networks provide limited visibility into physical layer
performance. While IP can detect packet loss and
implement congestion control, it cannot monitor optical
signal quality, identify degrading fiber spans, or predict
failures before they impact service [17].

C. OTN Architecture and Key Components

OTN architecture comprises several key components
working in concert to provide comprehensive transport
services. The OTN digital hierarchy defines container
structures at various rates: ODUO (1.25 Gbps), ODU1 (2.5
Gbps), ODU2 (10 Gbps), ODU3 (40 Gbhps), ODU4 (100
Gbps), and recently standardized ODUflex for flexible rate
transport [18]. These Optical Channel Data Units (ODUs)
can be multiplexed into higher-rate containers, enabling
efficient bandwidth aggregation. For instance, ten ODU2
signals can multiplex into one ODU3, and ten ODU3
signals into one ODU4, creating a hierarchical transport
structure [19].

The OTN frame structure includes rich overhead for
operational functions. The frame consists of 4 rows and
4080 columns of bytes, with specific overhead regions
allocated for performance monitoring, tandem connection
monitoring, and network management communications
[20]. Forward Error Correction occupies a significant
portion of the frame, using Reed-Solomon coding to detect
and correct bit errors introduced during optical
transmission. Modern enhanced FEC schemes can correct
error rates of 10"-3 down to 107-15, effectively extending
transmission distances and improving system margins
[21].
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Fig 2 OTN Architecture and Key Components

OTN switching and cross-connect functions enable flexible traffic routing at the optical layer. Optical cross-connects
(OXCs) can switch ODU signals between wavelengths without requiring optical-electrical-optical conversion for every signal,
significantly reducing power consumption and equipment costs [22]. This capability becomes especially valuable in mesh
networks where traffic patterns change dynamically based on demand and network conditions.



Table 1 Comparison of IP-Only vs IP-over-OTN Network Characteristics

Characteristic IP-Only Network IP-over-OTN Network Reference

. . 400G-800G per router 100G-400G per wavelength, multiple
AR [P CRpEELY port wavelengths per fiber [23]
Protection Switching Time 500ms - 5 seconds <50ms [24]
Power Consumption (per Thps) 15-25 kW 8-12 kW [25]
Performance Monitoring Packet loss, delay, jitter Comprehensive %p(;[:;:ii!sand digital layer [26]
Error Correction leltedthcl:Ethernet Enhanced FEC V\g;?nll—lz dB coding [27]
Typical Network Availability 99.9% - 99.95% 99.999% or higher [28]

1. BANDWIDTH SCALABILITY AND
CAPACITY MANAGEMENT

A. The Bandwidth Scalability Challenge

Network bandwidth requirements have grown
exponentially over the past decade, creating significant
scalability challenges for network operators. Modern data
centers generate hundreds of terabits per second of traffic
that must traverse metropolitan and long-haul networks to
reach end users and peer with other networks [29]. Content
delivery networks push massive video libraries across
continents, while cloud computing providers replicate data
between geographically distributed data centers to ensure
resilience and reduce latency [30]. This traffic growth
shows no signs of slowing, with projections indicating
continued 25-30% annual growth rates through 2027.

IP routers address bandwidth demands by increasing
port speeds and port density. However, this approach faces
practical limitations. High-capacity router ports consume
significant power and generate substantial heat, requiring
expensive cooling infrastructure. A fully populated chassis
router with 400G ports can consume over 100 kilowatts of
power, creating cooling challenges and operational costs
that scale poorly with traffic growth [31]. Additionally,
router ASIC development cycles lag behind traffic growth,
creating periodic capacity crunches where demand
exceeds available port speeds.

MTN Ghana provides a compelling case study of the
explosive data traffic growth driving the need for scalable
optical transport infrastructure in emerging markets.
Between 2024 and 2025, the telecommunications operator
experienced remarkable data traffic expansion, with data
traffic increasing by 57.3% year-over-year in Q3 2025
alone. Active data subscribers grew from 15.4 million in
early 2024 to 18.9 million by September 2025,
representing a 22.7% increase over an 18-month period
[99].

The growth in per-user consumption has been
equally dramatic. Average data usage per active subscriber
rose from 8.6 GB per month in early 2024 to 14.5 GB per
month by September 2025, reflecting a 68.6% increase in
individual data consumption patterns. This growth was
driven by increased adoption of video streaming services,
mobile gaming, social media platforms, and digital
financial services. Data revenue surged by 53.8% in 2024
alone, reaching GHS 9.0 billion (approximately USD 581
million), and by September 2025, data services accounted

for over 50% of MTN Ghana's total service revenue,
surpassing traditional voice services for the first time in
the company's history.

To support this exponential growth, MTN Ghana
invested GHS 4.6 billion (approximately USD 297
million) in network infrastructure during the nine-month
period ending September 2025, focusing on 4G network
expansion, fiber deployment, and IT system upgrades. The
company maintained 98.9% 4G population coverage while
handling the 57.3% year-over-year increase in data traffic.
This infrastructure investment represents approximately
26.6% of service revenue, demonstrating the capital-
intensive nature of scaling modern telecommunications
networks to meet bandwidth demands.

These growth patterns at MTN Ghana mirror global
trends but occur in a compressed timeframe, highlighting
the critical importance of scalable optical transport
infrastructure. Without efficient OTN-based transport
solutions, managing such rapid traffic growth would
require proportionally massive increases in IP routing
equipment, resulting in unsustainable capital and
operational expenditures.

These infrastructure demands are compounded by
persistent affordability challenges, with data-only mobile
broadband remaining unaffordable in approximately 60%
of low- and middle-income countries [1a]. The digital
divide remains stark: while 94% of people in high-income
countries use the Internet, only 23% in low-income
countries have access [1a]

B. OTN's Role in Bandwidth Aggregation

OTN provides elegant solutions to bandwidth
scalability through wavelength division multiplexing
(WDM) and efficient signal aggregation. In a typical
deployment, multiple 100G or 400G client signals from IP
routers map into OTN containers (ODU4 or ODUflex),
which then modulate onto individual wavelengths in a
dense wavelength division multiplexing (DWDM) system
[32]. Modern DWDM systems support 96 or more
wavelengths on a single fiber pair, each carrying 100G,
200G, 400G, or even 800G of capacity. This creates fiber
capacity in the tens of terabits per second without requiring
corresponding increases in IP router port counts [33].

The layered approach enables network operators to
scale bandwidth incrementally. When traffic between two
locations grows, operators can light additional

4



wavelengths or upgrade existing wavelengths to higher
data rates without necessarily adding router capacity. This
flexibility decouples physical capacity growth from
routing capacity, allowing more cost-effective network
scaling [34]. Furthermore, OTN multiplexing enables sub-
wavelength grooming, where multiple lower-rate ODU
signals combine to fill a wavelength efficiently, improving
bandwidth utilization and reducing per-bit transport costs.

C. Wavelength Division Multiplexing Integration
The integration between OTN and DWDM systems
represents a critical enabler for modern network

scalability. OTN standardization includes specifications
for mapping ODU signals onto optical transport units
(OTUs), which then modulate onto optical carriers using
various modulation formats [35]. Coherent optical
transmission technology, combined with advanced
modulation schemes like dual-polarization quadrature
phase shift keying (DP-QPSK) and quadrature amplitude
modulation (DP-16QAM), enables spectral efficiency
improvements that increase per-wavelength capacity
while maintaining or extending transmission distances
[36].
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Fig 3 DWDM System with OTN Integration

Modern implementations utilize flexible grid DWDM systems that allocate optical spectrum dynamically based on signal
requirements. Higher-rate signals using spectrally efficient modulation may occupy wider spectral slots, while lower-rate
signals utilize narrower slots, optimizing overall fiber capacity utilization [37]. This flexibility, managed at the OTN layer,
enables network operators to optimize capacity allocation without impacting IP routing operations or requiring router

reconfiguration.

Table 2 Evolution of OTN Data Rates and Capacity Milestones

Year OTN Standard Data Rate Typical Application Reference
2001 0OTU1/0DU1 2.5 Gbps SDH/SONET transport [38]
2003 0TU2/0DU2 10 Gbps 10GbE, STM-64 transport [38]
2005 OTU3/0DU3 40 Gbps 40GbE, aggregated 10G services [39]
2010 0OTU4/0DU4 100 Gbps 100GbE backbone transport [40]
2012 ODUflex Flexible (1.25G to 100G) Efficient sub-rate transport [41]
2018 OTUCn (Flexible OTN) Beyond 100G (nx100G) 400GbE, 800GbE transport [42]
2023 800G ZR/ZR+ 800 Gbps Metro 800GbE, DCI applications [43]
V. NETWORK PROTECTION AND high availability and rapid failure recovery. Enterprise
RELIABILITY customers, cloud service providers, and mobile network

A. Service Level Agreement Requirements
Modern telecommunications services operate under
stringent Service Level Agreements (SLAS) that mandate

operators  typically require 99.99% or 99.999%
availability, corresponding to maximum annual downtime
of 52 minutes or 5.26 minutes respectively [44]. These
requirements drive the need for sophisticated protection
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mechanisms that can detect failures and restore service
within milliseconds, well before customers perceive
service degradation.

IP routing protocols, while capable of reconverging
around failures, cannot meet these stringent timing
requirements  without  supplementary  protection
mechanisms. Border Gateway Protocol (BGP)
convergence typically requires 30-180 seconds depending
on network size and configuration, while Interior Gateway
Protocols like OSPF and IS-IS converge in 1-10 seconds
under optimal conditions [45]. Even with fast reroute
mechanisms like Loop-Free Alternates (LFA) and Remote
LFA, IP-based protection often exceeds 100 milliseconds
and may not protect against all failure scenarios.

B. OTN Protection Schemes

OTN implements multiple protection schemes
specifically designed to meet carrier-grade availability
requirements. Linear protection schemes, including 1+1
and 1:1 protection, transmit signals simultaneously over
working and protection paths, enabling sub-50-
millisecond protection switching when failures occur [46].
In 1+1 protection, the receiver continuously monitors both
paths and selects the better signal, achieving protection
switching times under 10 milliseconds. The 1:1 scheme

normally carries traffic only on the working path but can
revert traffic after fault repair, providing operational
flexibility.

Ring protection schemes provide efficient protection
for metro networks where multiple nodes interconnect in a
ring topology. OTN Shared Protection Rings (OTN-
SPRing) allocate protection capacity that all ring nodes
can share, improving bandwidth efficiency compared to
linear protection [47]. When a fiber or node failure occurs,
traffic automatically switches to the protection path
traveling in the opposite direction around the ring. Modern
implementations achieve protection switching in under 50
milliseconds while maintaining service for all protected
connections.

Mesh protection schemes offer the ultimate
flexibility for large-scale networks with complex
topologies. OTN mesh restoration can find alternate paths
through the network dynamically after a failure,
optimizing resource utilization while maintaining
protection capabilities [48]. While mesh restoration
typically requires 100-200 milliseconds, significantly
faster than IP rerouting, networks often combine mesh
restoration with fast protection mechanisms to achieve
both rapid recovery and efficient bandwidth utilization.
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C. Multi-Layer Protection Strategies

Modern networks implement multi-layer protection
strategies that coordinate protection mechanisms across IP
and OTN layers. This approach leverages the strengths of
each layer: OTN provides fast, deterministic protection for
physical and optical layer failures, while IP routing
handles logical failures and provides broader traffic
engineering capabilities [49]. Proper coordination
prevents both layers from simultaneously reacting to the
same failure, which could cause service disruption and
inefficient resource utilization.

Hold-off timers and escalation mechanisms ensure
appropriate layer response to failures. When a fiber cut
occurs, OTN protection activates immediately, restoring
service before IP routing protocols detect the failure. If
OTN cannot restore service due to lack of protection
capacity or multiple failures, the hold-off timer expires and
IP routing takes over, finding alternate paths through the
network [50]. This layered approach maximizes
availability while optimizing resource utilization and
operational costs.

Table 3 OTN Protection Schemes and Performance Characteristics

Protection Type Switching Time Bandwidth Efficiency Typical Use Case Reference

1+1 Linear <10 ms 50% (dedicated protection) Critical point-to-point links [51]

1:1 Linear <50 ms 50% (revertive option) Long-haul backbone links [51]

1:N Linear <50 ms ~50-90% (shared protection) Metro aggregation [52]
OTN-SPRing (Ring) <50 ms ~50% (shared ring capacity) Metro rings [53]
Mesh Restoration 100-200 ms 70-95% (dynamic sharing) Large mesh networks [54]
Optical Protection <10 ms 50% (optical layer) Subsea, ultra-long haul [55]

V. PERFORMANCE MONITORING AND Key performance indicators available through OTN

SERVICE ASSURANCE

A. Limitations of IP-Layer Monitoring

IP networks provide visibility into packet-level
performance through mechanisms like ICMP echo
requests (ping), Simple Network Management Protocol
(SNMP) statistics, and flow-based monitoring using
NetFlow or sFlow [56]. These tools effectively measure
packet loss, delay, jitter, and throughput at the IP layer.
However, they cannot detect degrading physical layer
conditions that may impact future performance or cause
intermittent errors. For example, a fiber span experiencing
increased attenuation due to physical damage may still
pass packets successfully while gradually approaching a
threshold where bit errors become frequent [57].

IP monitoring also struggles with attribution of
performance degradation. When packet loss increases, IP-
layer tools can identify which router interface experiences
loss but cannot determine whether the root cause involves
optical transmission problems, wavelength cross-talk,
fiber damage, or equipment malfunction. This limitation
complicates troubleshooting and may delay problem
resolution, extending service impact [58].

B. OTN Performance Monitoring Capabilities

OTN  provides comprehensive  performance
monitoring through dedicated overhead bytes in the OTN
frame structure. These overhead bytes support multiple
monitoring functions operating simultaneously without
impacting payload transmission [59]. Path monitoring
tracks performance for the entire end-to-end ODU
connection, while tandem connection monitoring enables
operators to monitor performance across specific network
segments, even when multiple operators share
responsibility for an end-to-end service [60].

monitoring include bit error rate measurements, block
error counts, severely errored seconds, and unavailable
seconds. OTN can detect errors at multiple levels: errors
corrected by FEC (indicating degrading optical
conditions), uncorrectable errors (indicating serious
transmission problems), and frame alignment errors
(suggesting timing or synchronization issues) [61]. This
granular visibility enables proactive maintenance where
technicians identify and address degrading conditions
before they impact service.
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The OTN overhead also supports bidirectional
communication between endpoints, enabling features like
automatic power reduction (APR) where endpoints
exchange information to optimize transmit power and
reduce interference with adjacent wavelengths [62]. This
capability improves spectral efficiency and enables higher
fiber capacity utilization without manual intervention.

C. Proactive Fault Detection and Soft Failures

One of OTN's most valuable capabilities involves
detecting soft failures before they cause service outages.
Optical systems experience gradual degradation over time
due to factors including connector contamination, fiber
aging, transceiver degradation, and environmental
conditions [63]. OTN monitoring can detect increasing
pre-FEC bit error rates, indicating optical signal

degradation. When pre-FEC BER exceeds thresholds
while post-FEC BER remains acceptable, operators
receive early warning of degrading conditions requiring
attention.

This proactive capability enables scheduled
maintenance during planned windows rather than
emergency repairs during service-impacting outages.
Network operators can prioritize maintenance based on
degradation severity, allocate resources efficiently, and
potentially reroute traffic before failures occur [64].
Studies show that proactive monitoring and maintenance
reduce unplanned outages by 40-60% compared to
reactive approaches, significantly improving overall
network availability and customer satisfaction [65].

Table 4 Performance Monitoring Capabilities - IP vs OTN

Monitoring Aspect IP Layer Capability OTN Layer Capability Reference
Packet/Frame Loss .
Detection Yes (counters, flow monitoring) Yes (BER, block errors) [66]
. - o . Comprehensive (optical power,
Physical Layer Visibility Limited (interface errors only) BER, Q-factor) [67]
Soft Failure Detection No Yes (pre-FEC BER monitoring) [68]
Segment-Level . o . _
Monitoring Limited (hop-by-hop) Yes (tandem connection monitoring) [69]
Latency Measurement Yes (ICMP, TWAMP) Yes (delay measurement message) [70]
Continuous Monitoring . . . .
Overhead Requires active probes Built-in, no payload impact [71]
Multi-Operator Visibility Challenging (trust/policy issues) Native support (TCM) [72]




VI OPERATIONAL EFFICIENCY AND
ECONOMICS

A. Power Consumption and Cooling Requirements
Power consumption represents a significant
operational expense for telecommunications networks,
typically accounting for 15-30% of total network operating
costs [73]. IP routers, particularly high-capacity core
routers, consume substantial power for packet processing,
buffering, and port interfaces. A modern core router
chassis with line cards fully populated can consume 80-
120 kilowatts, with power consumption scaling roughly
linearly with port capacity [74]. This power consumption
generates corresponding heat that requires expensive
cooling infrastructure in central offices and data centers.

OTN equipment, while not eliminating power
consumption, provides more efficient per-bit transport.
Optical transport platforms that terminate and multiplex
wavelengths typically consume 8-12 kilowatts per terabit
of capacity, compared to 15-25 kilowatts per terabit for IP
router ports [75]. This efficiency advantage stems from
OTN's specialized function: transporting data efficiently
without complex packet processing. Routers examine
every packet header, perform lookups, maintain
forwarding tables, and implement quality of service
policies—all consuming processing power. OTN switches
and multiplexers perform relatively simple functions,
enabling lower power operation.
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B. Equipment Cost and Lifecycle

Network equipment costs significantly impact total
cost of ownership (TCO). High-capacity IP routers
represent substantial capital investments, with chassis-
based core routers costing several hundred thousand to
over a million dollars depending on configuration [76].
Router line cards with 400G ports currently cost $30,000-
50,000 per port, making bandwidth expansion expensive.
Additionally, router technology evolves rapidly, with new
ASIC generations introduced every 2-3 years, potentially
leading to shorter equipment lifecycles.

OTN transport platforms provide complementary
economics. While coherent optical transponders are also
expensive, OTN multiplexing equipment and optical
switching platforms have longer lifecycles because they
perform simpler, more stable functions [77]. A well-
designed OTN infrastructure may operate productively for
7-10 years, with wavelength upgrades requiring only
transponder  replacement while reusing  existing
multiplexing and switching infrastructure. This stability
reduces capital expenditure amortization and provides
better long-term return on investment.

C. Operational Simplification Through Layer Separation

Separating network functions into distinct layers
simplifies operations by allowing specialized teams to
focus on specific technologies. IP network engineers
optimize routing protocols, implement traffic engineering,
and manage IP addressing without concerning themselves
with wavelength assignments or optical power budgets
[78]. Similarly, optical transport engineers optimize fiber
capacity, manage wavelength lifecycles, and maintain
optical layer performance without involving IP routing
complexity. This separation of concerns improves
operational efficiency and reduces the likelihood of cross-
layer errors.

Layer separation also enables independent network
evolution. Operators can upgrade optical transport
capacity without reconfiguring IP routing, or modify IP
network topology without restructuring the optical layer
[79]. This flexibility accelerates network changes, reduces
change-related outages, and enables more rapid response
to capacity demands or technology refresh cycles. Modern
Software-Defined Networking (SDN) architectures
leverage this layer independence, using hierarchical
controllers that optimize each layer independently while
coordinating cross-layer operations when necessary [80].

Table 5 Total Cost of Ownership Comparison - IP-Only vs IP-over-OTN (10-Year Horizon)

Cost Component IP-Only Architecture IP-over-OTN Architecture | Savings | Reference
Initial Capital (per Thps) $2.5M - $3.5M $2.8M - $3.2M +5% [81]
Power Costs (10 years) $1.8M - $2.5M $1.0M - $1.4M 40-45% [82]
Maintenance & Support $800K - $1.2M $650K - $950K 18-25% [83]
Space & Cooling $600K - $900K $400K - $600K 30-35% [84]
Capacity Upgrades $1.5M - $2.2M $900K - $1.4M 35-40% [85]
Operational Labor $1.2M - $1.8M $950K - $1.4M 20-25% [86]
Total 10-Year TCO $8.4M - $12.1M $6.7M - $9.15M 20-25% [87]

VII. FUTURE TRENDS AND EVOLUTION management, protection, and performance monitoring

A. Disaggregation and Open Optical Systems

The telecommunications industry is transitioning
toward disaggregated network architectures where
previously integrated functions separate into distinct,
interoperable components [88]. This trend particularly
impacts optical transport networks, where initiatives like
the Open ROADM Multi-Source Agreement and the
Telecom Infra Project's OOPT (Open Optical Packet
Transport) program promote open interfaces and
disaggregated components. Disaggregation enables
operators to select best-of-breed components, accelerate
technology refresh cycles for specific functions, and
potentially reduce vendor lock-in [89].

This evolution reinforces rather than diminishes the
importance of OTN. As optical transport disaggregates
into separate transponders, optical switching, and
wavelength multiplexing components, standardized OTN
interfaces become even more critical for ensuring
interoperability [90]. The clear separation between IP and
optical transport layers enables independent evolution of
each layer, with IP routers potentially using pluggable
coherent optics while OTN provides wavelength

across a multi-vendor optical infrastructure.

B. Integration with SDN and Network Automation
Software-Defined Networking extends beyond IP
routing to encompass optical transport networks through
initiatives like the Open Networking Foundation's
Transport APl and IETF's ACTN (Abstraction and Control
of TE Networks) framework [91]. SDN controllers
manage both IP and optical layers through standardized
interfaces, enabling dynamic service provisioning, multi-
layer optimization, and coordinated failure recovery. This
integration leverages the distinct capabilities of each layer
while providing unified network-wide orchestration [92].

Network automation benefits significantly from
clean layer separation. Intent-based networking systems
can express high-level service requirements without
specifying implementation details, allowing multilayer
controllers to optimize across IP and optical domains [93].
For example, a request for 100 Gbps connectivity with
99.99% availability and sub-10ms latency might trigger
the SDN controller to provision an ODU4 connection with
OTN 1+1 protection and map it to specific IP router
interfaces, all without manual intervention.
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C. 400G/800G and Beyond: Scaling Challenges

As IP routers evolve toward 800 Gigabit and 1.6
Terabit Ethernet interfaces, optical transport faces new
challenges and opportunities [94]. These ultra-high-speed
interfaces require corresponding evolution in optical
transport, with coherent optics advancing to support higher
data rates while maintaining adequate transmission reach.
The industry is developing 800G coherent optics using
advanced modulation formats and digital signal
processing, enabling efficient transport of next-generation
IP traffic [95].

OTN standards continue evolving to support these
higher rates. The FlexO (Flexible OTN) framework
enables bonding of multiple 100G optical channels to
create higher-rate logical interfaces, supporting 400G,
800G, and beyond without requiring entirely new physical
layer standards [96]. This flexibility ensures OTN remains
relevant as IP interface speeds continue increasing,
maintaining its role as the essential transport layer for
next-generation IP networks.

D. Environmental Sustainability

Environmental concerns and corporate sustainability
commitments increasingly influence network architecture
decisions. The telecommunications industry accounts for
approximately 2-3% of global electricity consumption,
with data centers and networks representing major
contributors [97]. Efficient network design that minimizes
power consumption per bit transported becomes essential
for meeting sustainability goals and controlling
operational costs in an era of increasing electricity prices.

The layered IP-over-OTN architecture supports
sustainability  objectives by  optimizing  power
consumption across network layers. OTN's efficient bit
transport reduces overall network power consumption
compared to all-IP architectures, while supporting high
network availability that prevents redundant equipment
deployment [98]. As networks scale to support future
traffic growth, the power efficiency advantages of OTN-
based transport become increasingly significant for
achieving sustainability targets.

VIII. CONCLUSION

This comprehensive analysis demonstrates that
Optical Transport Networks are not merely beneficial but
essential for modern IP network operations. The
exponential growth of IP traffic, driven by video
streaming, cloud computing, 5G networks, and emerging
applications, creates demands that IP networks alone
cannot efficiently address. OTN provides the necessary
foundation for IP networks to scale, maintain reliability,
and operate economically in today's telecommunications
environment.

The relationship between [P and OTN layers
exemplifies good network architecture through clear
separation of concerns. IP networks excel at intelligent
packet routing, quality of service management, and
handling diverse traffic types. OTN excels at efficient

high-capacity transport, rapid failure protection,
comprehensive performance monitoring, and wavelength
management. Together, these layers create network
infrastructure capable of meeting stringent service level
requirements while scaling economically and operating
efficiently.

Key findings from our analysis include quantifiable
benefits of the layered approach. IP-over-OTN networks
achieve 40-45% lower power consumption compared to
IP-only alternatives, translating directly to reduced
operating costs and improved environmental
sustainability. OTN protection mechanisms deliver sub-
50-millisecond failure recovery, enabling 99.999% or
higher availability that meets the most stringent carrier-
grade service requirements. The total cost of ownership for
IP-over-OTN networks is typically 20-25% lower over a
10-year horizon, demonstrating clear economic
advantages beyond technical benefits.

Looking forward, the importance of OTN as the
transport layer for IP networks will only increase. Network
traffic continues growing exponentially, fiber capacity
utilization increases as operators maximize infrastructure
investments, and service requirements become more
demanding. Emerging technologies including 5G network
slicing, industrial 10T applications, and distributed cloud
computing architectures require the bandwidth, reliability,
and performance visibility that OTN provides. The
evolution toward disaggregated optical systems and
software-defined networking reinforces the value of
standardized OTN interfaces and clear layer separation.

Network architects and telecommunications
professionals should view OTN not as optional
infrastructure but as fundamental to network design.
Organizations planning network expansions or upgrades
should carefully evaluate the total cost of ownership across
multiple years, considering not only initial capital costs but
also operational expenses, power consumption, and
maintenance requirements. The evidence presented in this
article demonstrates that investments in OTN
infrastructure deliver substantial returns through improved
efficiency, reliability, and operational flexibility.

In conclusion, IP networks fundamentally require
optical transport networks to achieve the scale, reliability,
efficiency, and economic viability demanded by modern
telecommunications services. The synergy between these
layers creates network infrastructure greater than the sum
of its parts, enabling the digital services and applications
that have become essential to business, government, and
society. As networks continue evolving to support future
demands, the partnership between IP and OTN will remain
central to telecommunications infrastructure worldwide.
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