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Abstract

Modern industrial ecosystems, particularly those embracing Industry 4.0, increasingly de-
pend on coherent optical networks operating at 400 Gbps and beyond. These high-capacity
infrastructures, coupled with advanced digital signal processing and phase-sensitive detec-
tion, enable real-time data exchange for automated manufacturing, robotics, and intercon-
nected factory systems. However, they introduce multilayer security challenges—ranging
from hardware synchronization gaps to protocol overhead manipulation. Moreover, the
rise of large-scale quantum computing intensifies these threats by potentially breaking
classical key exchange protocols and enabling the future decryption of stored ciphertext. In
this paper, we present a systematic vulnerability analysis of coherent optical networks that
use OTU4 framing, Media Access Control Security (MACsec), and 400G ZR+ transceivers.
Guided by established risk assessment methodologies, we uncover critical weaknesses
affecting management plane interfaces (e.g., MDIO and 12C) and overhead fields (e.g., Trail
Trace Identifier, Bit Interleaved Parity). To mitigate these risks while preserving the robust
data throughput and low-latency demands of industrial automation, we propose a post-
quantum security framework that merges spectral phase masking with multi-homodyne
coherent detection, strengthened by quantum key distribution for key management. This
layered approach maintains backward compatibility with existing infrastructure and en-
sures forward secrecy against quantum-enabled adversaries. The evaluation results show
a substantial reduction in exposure to timing-based exploits, overhead field abuses, and
cryptographic compromise. By integrating quantum-safe measures at the optical layer, our
solution provides a future-proof roadmap for network operators, hardware vendors, and
Industry 4.0 stakeholders tasked with safeguarding next-generation manufacturing and
engineering processes.

Keywords: MACsec; OTU4; quantum key distribution; optical networks

1. Introduction

Modern communication systems underpinning Industry 4.0 require high-capacity
optical networks spanning local facilities, regional corridors, and transoceanic links. The
latest backbone infrastructures, supporting data rates of 400 Gbps and above, rely on
coherent technology enhanced by advanced digital signal processing and phase-sensitive
detection [1].
time-sensitive demands in industrial automation, robotics control, global financial trans-

Such systems transmit terabits of data per second to serve the diverse,

actions, and e-government databases. As reliance on these coherent networks grows, so
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does the urgency of addressing security vulnerabilities, especially in environments where
interconnected machinery, sensors, and cloud-based analytics coexist [2].

The evolution of network hardware design is driven by the surging throughput
requirements typical of smart factories and robotic assembly lines. While earlier optical
links depended primarily on upper-layer protocols, such as Transport Layer Security or IP
security for data protection [3], advanced Industry 4.0 applications increasingly employ
Layer 2 solutions like Media Access Control Security (MACsec) to ensure confidentiality,
integrity, and authenticity at the Ethernet layer. However, new technical challenges arise in
coherent networks. Management interfaces bridging MACsec-enabled routers and optical
modules, often using MDIO or I2C protocols, lack robust security measures [4]. Similarly,
the overhead field-based structure of Optical Transport Unit level 4 framing is susceptible
to interception or manipulation [5]. The combined use of multiple protocols with different
security assumptions can introduce unforeseen vulnerabilities, hampering the reliability
required by fully automated manufacturing processes.

Recent research and development in quantum computing enhance security concerns.
The distribution of keys for MACsec security uses cryptographic methods, which depend
on finite mathematical assumptions. Modern quantum algorithms, notably Shor’s algo-
rithm, threaten the security of classical cryptography once quantum computing matures
to a sufficient level [6,7]. Adversaries can store intercepted ciphertexts now and decrypt
them later, making the immediate adoption of quantum-safe measures critical. Modern
data security demands the implementation of quantum-safe cryptographic approaches
since attacks can happen while data is stored for later decryption. Although quantum
key distribution (QKD) offers a theoretically unbreakable means of key exchange [8], its
integration with coherent optical networks has faced practical hurdles. Recent progress
suggests that these hurdles are more surmountable than previously believed [9].

Motivated by these challenges, the primary purpose of this research is to explore
how coherent optical networks can be protected from both classical exploits and future
quantum-based attacks, while preserving compatibility with existing networking standards.
This work aligns with calls from the recent literature for quantum-safe encryption strategies
in optical environments [10-12]. The presence of management plane vulnerabilities in 400G
ZR+ transceiver modules, as well as protocol weaknesses in OTU4 overhead fields, calls
for rigorous investigation.

The specific gap in the current literature is that many proposed methods treat optical-
layer security, MACsec, and quantum cryptography as separate domains. This fragmen-
tation creates a scenario in which bridging them may introduce further security holes
or degrade system performance. In this context, “quantum-resistant protocols” refer to
cryptographic algorithms and key-exchange methods designed to remain secure even
against adversaries equipped with large-scale quantum computing capabilities, typically
by relying on mathematically hard problems that cannot be efficiently solved by known
quantum algorithms. Therefore, this paper is guided by a research question that addresses
the heart of this fragmentation: “How can coherent optical networks that rely on OTU4
framing and MACsec be enhanced to safeguard against emerging quantum threats while
maintaining the throughput and latency requirements of existing infrastructure?”

This question captures the dual necessity of optical-layer protection and quantum key
distribution in coherent environments. It targets the management plane vulnerabilities
that arise in bridging router control planes with advanced optical modules and focuses
on bridging the gap between classical cryptography, optical encryption, and emerging
quantum technologies.

We implemented a qualitative security analysis that systematically probes each in-
terface, protocol boundary, and cryptographic layer. This analysis systematically follows
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recognized risk assessment and critical infrastructure protection frameworks [13,14], ensur-
ing the comprehensive identification of both classical and quantum vulnerabilities. This
vulnerability analysis underpins this study’s creation and validation of a post-quantum
security framework that merges spectral phase masking with multi-homodyne coherent
detection at the physical layer and QKD key distribution for key management. By unifying
these approaches in a single design, our solution delivers robust cryptographic strength,
forward secrecy, and backward compatibility in coherent optical networks operating at
400 Gbps and above.

This research makes specific contributions through an original vulnerability analysis
of coherent infrastructures and a novel design for post-quantum security. First, it systemat-
ically identifies overlooked weaknesses in bridge architectures that coordinate the router
control plane with coherent modules. This includes close scrutiny of the management
interfaces where protocol conversion and synchronization occur, as these seemingly routine
operations can introduce timing discrepancies. Second, it classifies vulnerabilities in OTU4
framing, where overhead bytes and frame alignment can be manipulated to create covert
channels or disrupt signal integrity. Third, it proposes a new approach that incorporates
optical phase mask encoding with multi-homodyne coherent detection and quantum key
distribution for holistic security. The theoretical findings indicate that such a layered
strategy resists both contemporary classical attacks and future quantum-based decryption
methods, particularly in the context of coherent optical transport at data rates of 400 Gbps
and above.

We conclude that a concerted security strategy, one that bridges the physical en-
cryption aspects of spectral phase encoding with post-quantum key distribution, can
substantially mitigate vulnerabilities exposed at the interface between traditional data
networking protocols and coherent optical platforms. This analysis provides a blueprint
for researchers, network operators, and hardware vendors seeking to future-proof optical
transport networks.

The structure of this manuscript proceeds as follows. First, a review of related work
addresses classical encryption vulnerabilities, the integration of MACsec over OTU4, and
the latest developments in quantum-resistant protocols. By cataloging vulnerabilities
within and across architectural boundaries in Section 4, this research provides a robust
empirical foundation for the comparative and integrative frameworks that follow. Section 5
reviews existing optical encryption approaches in the context of these vulnerabilities, while
Section 6 presents a cohesive post-quantum security framework designed to mitigate the
weaknesses documented here. A discussion evaluates the significance of these findings,
their limitations, and potential avenues for more advanced or large-scale implementations.
The manuscript concludes by asserting the practicality and necessity of a post-quantum
security framework for coherent optical networks, underscoring the benefits of layering
quantum key distribution with optical encryption to protect critical data transmission over
the long term.

2. State of the Art

Optical network security has its foundation at the intersection of classical cryptogra-
phy, quantum information theory, and optical physics. The intersection of these multiple
disciplines offers the promise of increasing performance and solving the unique chal-
lenges of maintaining data confidentiality and integrity while simultaneously providing
the high-performance characteristics of optical communications. Contemporary research
has evolved along three critical dimensions: the quantum vulnerability assessment of tradi-
tional encryption schemes, the security implications of integrating legacy protocols, and
the construction of quantum-resistant frameworks. With the advances of coherent optical
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technologies such as 400G ZR+ and the sophistication of quantum computing threats, these
dimensions are becoming more and more important. Furthermore, to build on the added
complexities provided by integrating Media Access Control Security (MACsec) and Optical
Transport Unit level 4 (OTU4) framing, a new set of vulnerabilities in these environments
was created. This work explores the current state of the research in this problem, highlights
the available solutions’ gaps, and correspondingly suggests the role of a novel framework.

2.1. Vulnerabilities in MACsec Integration

MACsec is widely deployed and can provide confidentiality, integrity, and authenti-
cation using Layer 2 encryption. However, its application in optical transport networks
poses critical issues, especially with OTU4 framing. The interfaces between router control
planes and coherent optical modules are vulnerable targets for timing-based attacks as well
as unauthorized access and interception [15,16]. Often, these interfaces serve as the point
of access to electronic encryption subsystems that are then used to protect information at
optical transport layers, leading to vulnerabilities in the security architecture.

Figure 1 shows how MACsec interacts with optical transport systems, as well as key
vulnerability points and quantum threats. The layered diagram illustrates interaction
points between the optical transport layer and MACsec at Layer 2, highlighting places
vulnerable to both classical and quantum attacks.

Router Layer

MACsec Encryption Layer

Management Interface

Timing
Attacks

Optical Transport Layer

Quantum Computing Vulnerability

OTU4 Encryption Layer

Physical Layer (400G ZR+)

D Protected Components - Vulnerable Component |:| Attack Vector

Figure 1. MACsec and optical transport vulnerabilities.

Moreover, in the age of quantum computing, MACsec’s reliance on public key cryp-
tographic methods acts as a major threat. Quantum attacks can be used to break inter-
cepted MACsec communications, making these protections pointless [17,18]. Quantum-safe
cryptographic methods like Quantum Key Distribution (QKD) have theoretical security
advantages but their integration with existing MACsec protocols is an active research
area [15,18].
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These studies are valuable in understanding individual network vulnerabilities; how-
ever, a critical gap in the understanding of system-level interactions between the security
layers in coherent optical networks persists. An investigation into the relationship between
quantum vulnerabilities and protocol-level weaknesses is needed.

2.2. OTU4 Framing and Protocol Weaknesses

The adoption of OTU4 framing in coherent optical networks exacerbates security
issues by complicating things further. Essential for high-efficiency data transport, OTU4
has an open architecture, introducing vulnerabilities when working together with legacy
protocols such as Modbus. Generally, Modbus, a serial communications protocol designed
for programmable logic controllers (PLCs), is added into OTU4 networks through man-
agement interfaces to support industrial control systems. This integration is accomplished
by using Modbus commands encapsulated into the frame structure by means of OTU4
overhead bytes to enable remote monitoring and control capabilities. The problem with
Modbus is that it lacks basic security features like authentication and encryption, and
when carried within OTU4 frames, these vulnerabilities persist. Modbus, a protocol widely
implemented in Supervisory Control and Data Acquisition (SCADA) systems, does not
employ encryption, authentication, or access controls [19,20]. As a result, OTU4 systems
are susceptible to man-in-the-middle attacks, unauthorized access, and eavesdropping.

Attack surfaces on OTU4 frames include control fields like the Trail Trace Identifier
(TTI) and Bit Interleaved Parity 8 (BIP 8), which are particularly easy to exploit. These fields
are specifically identified as key points for injecting malicious payloads and for creating
covert communication channels [21]. Additionally, existing SCADA security mechanisms
are insufficient primarily in safeguarding OTU4 systems in the critical infrastructure envi-
ronments [22]. Furthermore, legacy protocols, which are integrated with modern optical
networks, possess vulnerabilities [23].

The detailed structure of an OTU4 frame is shown in Figure 2, and contains its
critical control fields, TTI, BIP-8, and FAS. The diagram shows how Modbus protocol
commands are encapsulated in these fields and identifies the points at which manipulation
can take place.

FAS MFAS Trail Trace BIP-8 Payload Area
(6 bytes) (1 bytes) Identifier (8 bytes) (Variable size)
(64 bytes)

TTI Manipulation Risk BIP-8 Exploitation Risk

Modbus Protocol Integration Layer

|:] Protected Components . Vulnerable Component

Figure 2. OTU4 framing and Modbus protocol weaknesses.

To counter both classical and quantum attack vectors, novel security protocols have
been developed to cope with these protocol-level vulnerabilities in the presence of the
quantum computing threat.

2.3. Emerging Solutions: Quantum and Adaptive Technologies

Traditional security mechanisms in optical transport networks are limited, and there-
fore, advanced solutions have been explored. Thus, quantum key distribution (QKD),
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usually tamper-proof quantum key exchanges by using quantum mechanics [15,18], is
a promising way to mitigate quantum threats. To illustrate the severity of quantum threats,
consider a practical attack scenario: With Shor’s algorithm, an adversary with quantum
computing abilities could aim at both the MACsec and OTU4 encryption layers simultane-
ously. For instance, enlisting the services of a sufficiently potent quantum computer with
enough qubits to factor the RSA keys to be used in both layers of the key exchange protocols
would take hours, compared to the countless years that it would take classical computers.
Both encryption layers are vulnerable to this because they generally use the same public key
cryptographic primitives in their initial key establishment and thus represent a single point
of failure, even though the encryption layers appear separate. The practical integration of
QKD in high-speed optical environments, however, is challenged by scalability, a limited
key rate, and compatibility with existing protocols like MACsec [16].

In parallel, adaptive technologies such as Network Function Virtualization (NFV) and
Software-Defined Networking (SDN) are proposed to improve the security and flexibility
of optical transport networks. NFV and SDN decouple network functions from dedicated
hardware, and, therefore, can dynamically detect and respond to threats [24,25]. SDN
architectures allow centralized control, which supports the scalability of more advanced
security frameworks. Machine learning models can enhance these frameworks even fur-
ther by identifying anomalies in network traffic and proactively mitigating sophisticated
attacks [21,26,27].

An architectural overview of the emerging security solution in optical networks is
shown in Figure 3. QKD was integrated with NFV and SDN for the integrated security
framework, as depicted in the diagram, and it is demonstrated how these technologies
operate together to provide a comprehensive security framework.

NFV QKD

SDN Control Layer

Optical Transport Infrastructure

Figure 3. Emerging solution in optical security, integrating QKD, NFV, and SDN in an optical network
security architecture.

QKD comes with inherent theoretical security advantages, but current techniques
need several practical improvements on the network optical layer. Some of these are
distance limitations, key rate constraints, and infrastructure integration complexities with
existing infrastructure. While NFV and SDN solutions hold promise for dynamic security
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management, they also bring their own vulnerabilities of greater network complexity and
enlarged attack surfaces. While machine learning approaches can be effective for anomaly
detection, they must be designed to achieve appropriate false positive rates and with
acceptable computational overhead for high-speed optical environments.

2.4. Research Gaps and Opportunities

Although critical gaps exist, significant advancements in securing optical transport
networks also exist, particularly in an environment where MACsec and OTU4 framing
coexist. MACsec implementations today fail to secure OTU4-specific vulnerabilities such
as control field manipulations, creating a disjointed security architecture. Additionally,
QKD remains a robust quantum-safe form of encryption, but the integration with legacy
protocols remains far from complete [28].

For emerging technologies such as NFV and SDN, although there are promising
results, their use in optical networks is hindered by scalability and interoperability with
existing systems. Adaptive security mechanisms must be highly integrated with real-time
monitoring to keep pace with changing threats [29].

The fundamental tension between quantum-safe security requirements and the perfor-
mance demands of high-speed optical networks has not yet been fully addressed in current
research. Especially missing is the integration of post-quantum cryptography with OTU4
framing and its latency and throughput implications. Additionally, although individual
security solutions have been suggested in these areas, an all-encompassing security frame-
work addressing quantum and classical threats simultaneously while satisfying network
performance metrics is mainly missing.

3. Research Method

The research design draws upon established qualitative methodologies to ensure
validity and reliability in analyzing coherent optical transport environments. It synthesizes
recognized frameworks for rigorous qualitative inquiry [30,31] with the structured case-
based guidelines from [32], adapted to a multi-layered technical context. The approach is
reinforced by [33], with an emphasis on methodological triangulation to strengthen the
credibility of findings and on maximizing internal validity through iterative data collection
and analysis cycles [34].

This study begins by outlining the physical and logical architecture of a 400G ZR+
coherent optical system, pinpointing the interfaces and components that bridge the elec-
tronic and optical domains. Each subsystem, including management plane interfaces,
gearboxes, and digital signal processing blocks, is assessed according to a unified set
of criteria derived from the CIA (confidentiality, integrity, availability) model [30]. The
systematic vulnerability assessment principles form a risk assessment framework that
establishes consistent procedures for identifying and prioritizing threats [13,35]. This
combination of models and guidelines aligns with recommendations to layer qualitative
procedures with domain-specific standards, thereby reinforcing trustworthiness in the
resulting analyses [31].

Threat modeling follows an iterative case-based approach, wherein each subsystem
is conceptualized as a case unit to be examined for potential adversarial compromise [32].
The modeling draws on a detailed characterization of threat agents, their capabilities, and
possible objectives. This systematic lens illuminates both classical attack vectors, such
as unauthorized modifications to overhead fields and optical taps, and quantum-driven
threats capable of undermining classical key exchange [14]. The notion of methodological
triangulation is employed by gathering data from multiple sources—specifications, protocol
analyses, and documented exploits—to confirm that the findings are robust. Observations
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about timing windows, protocol boundaries, and adaptive DSP algorithms are compared
against the theoretical constructs of large-scale quantum cryptanalysis, ensuring that no
single perspective biases the interpretation [33].

Once all vulnerabilities are identified and categorized, this study applies the principle
of iterative validation, repeatedly testing the relevance and severity of each vulnerability
under different simulated threat scenarios [34]. Potential effects on confidentiality, integrity,
and availability are judged according to established guidelines [35]. The final phase
involves translating these insights into design principles that inform a post-quantum
security architecture. In this step, the layered hybrid of spectral phase encoding with multi-
homodyne coherent detection and quantum key distribution is scrutinized for its efficacy
in mitigating vulnerabilities, its backward compatibility, and its operational performance
impact. This final cross-check follows a suggestion to compare the case findings against
an external framework of best practices, allowing this study to confirm that the proposed
solution stands on a firm methodological foundation [32].

This process can be replicated by any researcher in possession of technical doc-
umentation for coherent transceivers, a suite of recognized encryption strategies, and
a threat-modeling toolkit [31,33]. This replication pathway ensures that academic rigor is
maintained [34] given that the same criteria, data collection steps, and analytical lenses
can be consistently applied in different contexts. Through this multi-stage design, this
study demonstrates academic validity by integrating structured theoretical models, system-
atic qualitative procedures, and domain-specific risk assessment practices into one coher-
ent methodology.

4. Vulnerability Analysis

This section presents a detailed examination of vulnerabilities in coherent optical
networks, grounded in a layered qualitative research methodology that ensures academic
rigor. This study employed an iterative case-based framework [32] to isolate individual
subsystems, used methodological triangulation [33] to confirm the presence and severity
of potential threats, and aligned these findings with the CIA (confidentiality, integrity,
availability) model’s [30,35] systematic vulnerability assessment guidelines. By applying
ref. [34]’s iterative validation process, the research team tested each vulnerability under
simulated conditions mirroring real-world attack scenarios while accounting for both
classical and quantum adversaries [13,14]. The results reveal that weaknesses often arise at
the confluence of hardware design, protocol integration, and signal processing algorithms
in 400G ZR+ coherent systems.

The analysis began by identifying the structural elements of a 400G ZR+ environment,
specifically, the interfaces linking router control planes to coherent optical modules. Each
interface and subsystem (bridge architecture, management plane protocols, DSP blocks,
OTU4 framing, and physical-layer channels) was treated as a distinct case unit [32]. This
segmentation facilitated the close scrutiny of vulnerabilities in synchronization, timing
control, overhead byte usage, and optical signal manipulation. Triangulating the data
from component specifications, documented exploits, and real-time traffic simulations [33]
allowed the team to confirm that these vulnerabilities were neither hypothetical nor limited
to a single test environment.

The focus then turned to systematically categorizing identified threats under the
CIA (confidentiality, integrity, and availability) model. Confidentiality threats included
the unauthorized interception of data streams, while integrity threats ranged from frame
manipulation in OTU4 overhead bytes to the malicious reprogramming of DSP parameters.
Availability threats spanned timing-based attacks on synchronization buffers, potentially
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degrading or halting network services. This classification clarified how each vulnerability
affected the core security objectives in a coherent optical environment.

Drawing on systematic risk assessment, this study rated vulnerabilities by their likeli-
hood, technical complexity, and potential damage [35]. In parallel, an iterative validation
approach ensured that the identified weaknesses were re-evaluated under multiple sim-
ulated threat profiles, including basic script-kiddie exploits, state-sponsored adversaries
with quantum decryption capabilities, and insider threats [34]. This repetition refined the
accuracy of the impact ratings, revealing which attacks required minimal effort yet posed
widespread danger (e.g., overhead byte manipulation) and which demanded advanced
tools (e.g., manipulating phase estimation blocks).

Below is a comprehensive summary of these vulnerabilities in Table 1, which maps
architectural domains to potential exploit vectors and the resulting security implications.
To enhance transparency, this Table also lists the primary vulnerability category (bridge
architecture, DSP, OTU4 framing, management interfaces, or physical layer) and indicates

whether post-quantum threats exacerbate each issue.

Table 1. MACsec-OTU4 vulnerability analysis in coherent networks.

Domain Vulnerability Attack Vector Implications
Synchronization Timing-based Data injection,
Bridge Architecture gaps during manipulation of timing-based
protocol conversion data buffers manipulation
Post-quantum Exploitation of Interception and
Bridge Architecture vulnerability in key classical key compromise of
exchange exchange protocols encryption keys
Adaptive algorithm Covert channel
. Convergence perturbations creation,
DSP Algorithms period exploitation during signal undetected data
optimization manipulation
Exploitation of Trail ~Unauthorized data
OTU4 Frame Overhead byte Trace Identlf%er manipulation,
. . (TTT) and Bit covert
Structure manipulation . -
Interleaved Parity communication
(BIP-8) fields paths
. . Frame
OTU4 Frame Frame . Manlpul?ltlon of misalignment,
synchronization Frame Alignment .
Structure epe . potential loss of
vulnerabilities Signals (FASs) . .
data integrity
Injection of
o - System
Lack of security in malicious . . .
Management misconfiguration,
MDIO/I2C commands or .
Interfaces . o persistent backdoor
interfaces monitoring data .
. . creation
manipulation
. . Interception and Eavesdropping,
Physical Layer Optl(.ial S1en al modification via selective data
manipulation : .
optical taps alteration

4.1. Bridge Architecture Vulnerabilities

The bridge architecture, which interconnects a router CPU to a 400G ZR+ optical mod-

ule, emerged as a focal point of this study. A core vulnerability stems from synchronization
gaps during protocol conversion, typically handled by PCle Gen4 links and gearbox im-
plementations. Following a case-based protocol, the research team analyzed buffer and
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clock domain interactions, detecting temporal windows of 1-2 nanoseconds in which data
buffers could be surreptitiously modified [32]. Triangulation methods confirmed that this
was not a purely theoretical risk; documented hardware logs from high-speed data centers
revealed suspicious traces in precisely these intervals [33].

Furthermore, iterative testing showed that post-quantum vulnerabilities arise when
classical key exchange protocols operate during the handshake phase [34]. By employing
timing analysis and advanced quantum decryption [14], an adversary could potentially
extract keys before they even protect the data. This elevated the severity rating in the
framework from “medium” to “high,” underscoring that architecture-level solutions are
essential for future-proofing coherent networks [35].

The architectural complexity is compounded by the requirement to keep tight timing
relationships across multiple clock domains, most typically at the interface boundaries
between the router CPU and the optical subsystems. The clock frequencies and the phase
relationships among the clocks need to be accommodated by the synchronization mecha-
nisms at the input and output of protocol conversion points without compromising data
integrity. Timing such critical operations may result in possible vulnerabilities at the proto-
col transition boundary. Specifically, various gearbox implementations, which manage the
conversion between new data rates and protocols, are of particular concern. These must be
buffered to provide data for rate matching operations, introducing temporal windows in
which timing attacks can be performed. Protocol conversion to the electrical domain inten-
sifies this vulnerability, making synchronization even more complex at the transition points
between electrical and optical domains. Yet another layer of vulnerability is introduced
within the management interface running on top of MDIO/I2C, providing configuration
and monitoring capabilities that could be abused to manipulate timing parameters or
inject malformed control sequences. Though crucial for proper functionality, these types of
interfaces represent additional attack surfaces that must be properly secured. Architectural
vulnerabilities go beyond simple timing considerations and encompass the entire chain
of protocol conversion and synchronization mechanisms needed for coherent optical com-
munications. Finally, each transition point between protocols and clock domains provides
a potential attack surface that could cause timing relationships to be manipulated in order
to compromise data integrity or provide covert channels.

The accompanying diagram shows the architecture of the CPU-ZR optical connection
and the PCle links, gearbox modules, and synchronization points. A detailed architecture
diagram of a modern coherent optical module based on the OIF-400ZR implementation is
shown in Figure 4. This is shown in the data path from the router CPU out through PCle
interfaces, bridge functions, and the DSP core to coherent laser/modulator, and critical
points of vulnerability to timing attacks are highlighted.

The bridge architecture binds the coherent optical module and the router control
plane via critical interfaces such as PCle Gen4 and gearbox implementations. The data
rate conversion and synchronization tasks performed by these interfaces are critical to
maintaining stable communication. The multiple clock domain and high-speed data
flow management complexity, however, tends to lead to timing gaps when performing
rate conversions (e.g., 8 x 53.125G to 4 x 106.25G lanes). These timing gaps could be
used by an attacker to take advantage of the inherent latency discrepancies between
clock domains during protocol conversion. During the conversion from 8 x 53.125G to
4 x 106.25G lanes, there is a brief temporal window (typically 1-2 nanoseconds) in which
the gearbox buffer needs to support rate matching between the different clock domains.
However, this vulnerability becomes exploitable when an attacker uses high-precision
timing analysis equipment (e.g., a PCle protocol analyzer) to uncover these conversion
windows. An attacker can exploit race conditions in buffer management logic by injecting
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specially crafted packets that match the timing of these buffer transition periods. Consider,
for instance, a data center interconnect that runs at 400G: an attacker could insert malicious
packets in these windows that would be regarded as legitimate on both timing domains, as
they coincide with the expected buffer transition periods. This technique allows the attacker
to work around conventional buffer overflow protection mechanisms while staying in sync
with both clock domains, making it difficult to detect with normal means of monitoring.
Furthermore, classical key exchange protocols rely on presenting a clear post-quantum
vulnerability. These protocols are based on mathematical algorithms that can be decrypted
by a quantum computer. If an attacker has access to quantum computers, they could
intercept key exchanges during the handshake phase, making encryption protection useless.

Router CPU
PCle Interface
Gen4 x8/x16
Bridge Functions MDIO/I2C
Management Interface
Data Bridge FPGA/ASIC
400GE MAC
Gearbox Module Control
8x52.125G to 4x10G Temperature, Power and
' Alarms
SerDes
PAM4 Encoding
ZR+ Module
DSP Core
‘L, FEC Encoding, Digital Pre-

distortion, OFDM Processing

y

OTU4 Framer
G.709 Encapsulation, 400G
Mapping

y

DAC/ADC
Digital-Analog Conversion

y

Coherent Laser / Modulator

Figure 4. Coherent optical module architecture based on OIF-400ZR.

4.2. Digital Signal Processing (DSP) Algorithm Exploitation

This study next employed a case analysis on the DSP blocks responsible for adaptive
equalization, chromatic dispersion compensation, and polarization tracking. Documenting
the block diagrams and comparing them to known exploit scenarios [33] suggested that
adaptive algorithms could be misled by minuscule, precisely timed phase adjustments.
An iterative approach tested repeated injections across different convergence intervals,
confirming that malicious actors could embed covert channels into the adapted signal
without alerting standard intrusion detection systems [34]. This threat intensifies in post-
quantum contexts because an adversary able to break the encryption layer might remain
undetected by manipulating the DSP layer at the same time, reinforcing conclusions about
quantum-augmented hacking [13].

Coherent optical networks are based on modern DSP algorithms, such as adaptive
equalization, chromatic dispersion compensation, and polarization tracking. Figure 5
illustrates the DSP chain, showing two particularly vulnerable components: the adaptive
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equalizer and phase estimation blocks. Attackers can introduce carefully timed modifica-
tions to interfere with adaptive equalizer convergence during convergence periods. The
phase estimation block is also vulnerable to attacks by means of carefully crafted phase
alterations that can be introduced to create covert channels while appearing as normal
signal variations. These vulnerabilities are especially critical because they capitalize on the
inherently adaptive nature of coherent detection. For instance, an adversary may inject
extremely small phase modifications during the time that the equalizer is converging and
steer the adaptation process toward a compromised state that permits covert channels of
communication. In performing the carrier phase recovery in the phase estimation block,
attackers can corrupt the process to embed hidden data while preserving the overall normal
operation. Such a sophisticated attack necessitates advanced optical signal analyzers and
custom modification equipment capable of precisely controlling both the time and the
amplitude of injected signal alterations.

Input CD Adaptive Phase
Signal Compensation Equalizer Estimation

Convergence Period Phass Attack Risk
Vulnerability

D Protected Components . Vulnerable Component

Figure 5. DSP chain vulnerable components.

4.3. OTU4 Frame Structure Security Analysis

By synthesizing management plane documentation, overhead field definitions, and
real-world exploit data [32], this study identified direct vulnerabilities in OTU4 frames.
Specifically, overhead byte manipulation targeting the Trail Trace Identifier (TTI) or Bit
Interleaved Parity (BIP-8) fields can create covert channels or corrupt data integrity. Tri-
angulation confirmed that multiple sources had reported anomalies in TTI usage, often
dismissed as simple configuration errors [33]. An iterative risk assessment [34] revealed
that frame synchronization vulnerabilities—for instance, misaligning the Frame Align-
ment Signal (FAS)—could produce cascading errors with minimal attacker effort. This
not only jeopardizes user data but also impedes forward error correction, undermining
high-availability systems in the financial and healthcare sectors.

The OTU4 framing structure carries payload and management information as an in-
tegrated entity as a bridge to data and the control plane. We point out vulnerabilities in
specific fields (novel) such as the Trail Trace Identifier (TTI) and Bit Interleaved Parity
(BIP-8) that attackers can use to insert or modify data without being detected.

By precisely timing their manipulation of the FAS field, attackers can exploit frame
synchronization vulnerabilities targeting these overhead bytes. An attacker can modify
the FAS pattern (F6F6F6282828 in hexadecimal) such that the receiver loses its ability to
correctly align frame boundaries. This misalignment leads to cascaded errors during the
interpretation of the subsequent fields and, ultimately, during payload demarcation. For
instance, a strategically wrong byte alignment misalignment by only one byte offset may
cause the receiver to make wrong assumptions about payload boundaries, in turn resulting
in the error multiplication of the forward error correction (FEC) decoding process. Error
detection mechanisms (like BIP-8 or the BTL Authentication) may thus fail to discover
the manipulated frame boundaries, leading to subsequent undetected data corruption in
high-reliability application fields like financial transactions or healthcare data transport.
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Misalignment is especially injurious during burst-mode transmission where multiple
frames are corrupted before the receiver resynchronizes.

Figure 6 provides a detailed visualization of the OTU4 frame structure, highlighting
the following critical fields: a Frame Alignment Signal (FAS), a Trail Trace Identifier (TTI),
and the use of Bit Interleaved Parity (BIP 8). The diagram explains how each field could be
exploited, as well as the vulnerabilities generated by frame boundary manipulation and
the cascading effect of misalignment on data integrity.

FAS MFAS Trail Trace BIP-8 Payload Area
(6 bytes) (1 bytes) Identifier (8 bytes) (Variable size)
(64 bytes)

Frame Misalignment Multi-Frame Covert Channe! Esror Monitoring
Attack Manipulation Creation Manipulation

l:l Protected Components . Vulnerable Component

Figure 6. OTU4 frame structure and vulnerability points.

4.4. Physical Layer Exploitation

We also addressed the physical layer by studying documented hardware taps and
the replication of optical signals [33]. Coherent optical networks often rely on precise
amplitude and phase modulation, which can be intercepted with advanced equipment,
enabling attackers to capture or modify data surreptitiously. The validation cycle tested
how such taps might be combined with quantum-based cryptanalysis to decode or even
alter transmissions [34]. The results indicated that while purely classical encryption can
defend against basic eavesdropping, quantum-capable adversaries present a much more
formidable challenge. Simple hardware changes—like adding an optical splitter—can
transform the network into a vulnerable environment unless robust, layered defenses are
implemented [14].

Coherent optical networks are vulnerable targets for attackers due to their dependence
on precise signal quality metrics that are implemented in the physical layer. Using optical
taps allows attackers to tap in and alter signals without sacrificing the performance of the
system as a whole. Specifically, these taps permit the attacker to passively observe the light
signal being transmitted on the transmission line and to perform actions such as modifying
the phase or amplitude of the light signal selectively.

Advanced tools such as coherent receivers and polarization controllers simplify the
job of attackers and allow them precisely to intercept and manipulate the signal. For
instance, an adversary can eavesdrop on secure communications or modify some properties
of a signal somewhat for the purpose of disrupting data integrity yet keeping it under
the guise of normal operation. This is especially problematic in situations where data
confidentiality is at stake, including government communications and financial networks.

A comprehensive optical tap attack architecture that provides for signal interception
and manipulation in coherent optical networks is shown in Figure 7. Such selective signal
manipulation, while making the network appear to operate normally, can be achieved, as
the diagram shows, by the placement of optical taps, monitoring equipment and signal
modification points.
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Figure 7. Optical signal interception and manipulation system.

This systematic vulnerability analysis concludes that coherent optical networks de-
mand integrated solutions. Relying solely on MACsec or on partial hardware security
mechanisms risks the exploitation of architectural inefficiencies and quantum vulnerabil-
ities that classical encryption cannot address [13]. The subsequent sections, comparing
optical encryption methods and introducing a post-quantum framework, were developed
precisely to tackle these multi-layered threats. Consistent with the method for domain-
specific adaptation, the research method’s iterative and triangulated design allowed each
vulnerability to be verified across multiple data sources and scenarios, increasing confi-
dence in this study’s findings [31].

5. Comparative Analysis of Optical Encryption Methods

A comparative analysis of leading optical encryption techniques occurs in this sec-
tion according to Section 3’s identified weaknesses. This evaluation applies an iterative
case-based approach [32] and assesses the methods under classical and post-quantum
circumstances. The research established findings about each method’s bandwidth abilities
and operational constraints by assessing documented specifications together with labora-
tory test data and reported exploits [33]. The evaluation validated by an iterative approach
required several danger simulations that demonstrated each method’s performance against
integrated hardware-based as well as protocol-level attacks, starting from minimal side-
channel listening to quantum-aided codebreaking [34]. A systematic methodology enables
the establishment of which encryption approaches can handle vulnerabilities, including
overhead byte manipulation, synchronization gaps, and advanced phase manipulations.

Improved cryptographic methods in optical networks have emerged because of rising
security demands for data protection. The protection of high-speed data goes beyond
conventional methods to use fundamental light physics and in certain instances depends
on quantum mechanical principles. System encryption at the physical level eliminates
specific attack routes that target overhead fields and DSP routines. Both approaches
conform to the CIA model [30] but share individual technical difficulties, as outlined in the
systematic evaluation guidelines [35].
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Double Random Phase Encryption (DRPE) stands as one of the most researched
optical encryption methods due to its wide scientific investigation. Two separate random
phase masks serve as the core elements in DRPE and implement positioning in the input
plane and the Fourier plane of an optical device. Previous research conducted used this
technique within a specific case unit and executed the experiments to validate the findings
in Section 3 [32]. The theoretical security level of DRPE depends on specific parameters, yet
the validation [34] showed that deep neural parameters [36] utilized in advanced ciphertext-
only attacks pose significant threats to the system. The attacks discover a method to reverse
random phase transformations, leading to the unauthorized recovery of data while omitting
necessary encryption keys. Official protocol descriptions with DRPE deployment reports
to demonstrate DRPE phase masks fall victim to learning attacks, thus causing detrimental
performance issues in fast networks [1].

Block-based optical color image encryption, which solves several weaknesses of DRPE
by conducting an independent block-based processing of data segments, was introduced
in previous research [37]. Systematic testing [32] indicates that data block segmentation
enables attackers to face greater challenges because each block introduces randomized
features, which prevents some deep-learning attacks from succeeding. According to sce-
nario analysis, the performance of block-based encryption remains stable for shorter times
but fails to protect 400G network data at high transmission speed rates [34]. Utilizing this
method to reset phase parameters results in the accumulation of overhead, which restricts
the scalability of coherent systems operating at a large scale.

According to current research, the optical phase mask encoding with multi-homodyne
coherent detection (MHCD) method functions as a diagnostic test model for full assessment.
Previous work [38] demonstrated that MHCD shifts the signal into high levels of noise,
which renders unauthorized decryption practically impossible.

Research has used metasurface-based methodologies as an additional method of in-
vestigation. The transformation of phase-change metasurfaces described in the previous
work in [39] delivers fast tuning capabilities through controlled manipulations of spe-
cialized materials to encrypt data. The security-enhancing capabilities of metasurfaces
have been assessed [40], yet these capabilities create manufacturing hurdles and thermal
control problems that would pose substantial obstacles for widespread implementation.
Reprogrammable meta-holograms offer nearly unlimited capabilities in creating dynamic
encryption channels. Tests conducted showed that the sensitivity of metasurfaces de-
pends strongly on perfect calibration during their iterative alignment trials. The theoretical
bandwidth capacity is high yet the actual implementation of 400 Gbps or higher data
transmission rates exists only in initial experimental stages [40].

The research summary presented in Table 2 showcases the technical principles and
strengths and weaknesses alongside the confirmed bandwidth capacity of the examined
methods. The table underwent modification to follow CIA model principles by explaining
how each strategy deals with confidentiality, integrity, and availability risks [31]. The
research utilizes multiple reputable data sources that combine peer-reviewed research and
vendor documentation and experimental network lab measures [33].

Several findings emerged from iterative scenario modeling [34]. First, methods that
lack adaptability, such as traditional DRPE, are vulnerable to deep-learning-based analysis
if the same phase mask is reused extensively. Second, purely classical approaches can excel
at high data rates, but they risk eventual compromise if a sufficiently powerful quantum
adversary emerges [14]. The combination of advanced approaches using MHCD or meta-
holograms presents potential solutions to unite classical-quantum security standards,
although the necessary infrastructure must resolve precision and operational problems [40].
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Table 2. Comparative analysis of network-applicable optical encryption methods.
Method Mechanism Strengths Weaknesses Bandwidth
High resilience to Zsli‘i&;;]zietg
Spectral Phase Encodes data using brute-force attacks; crypta rlljal sis: requires Up to 400 Gbps
Encoding (SPE) spectral phase masks. suitable for yP YSI8 req per channel
. precise phase
high-speed networks. )
alignment.
Dual-layer encryption; Susceptible to
Optical Double Employs random phase Y yphon, ciphertext-only attacks
. . resistant to Up to 100 Gbps
Random Phase keys in spatial and . . enabled by advanced
. . . plaintext—ciphertext . . per channel
Encoding (DRPE) Fourier domains. . machine learning
pair attacks. .
techniques.
gﬂi)zre ;i)‘f; erl:(lzle Ultrafast operation; Complex fabrication
Phase-Change Pl integrate directly into P 0 Up to 200 Gbps
crystalline phase . requirements; sensitive
Metasurfaces o physical layer - per channel
transitions for ; to thermal variations.
. infrastructure.
encryption.
Use programmable Infinite encryption Require precise Theoretical >400 G.b ps
o . . ) . per channel; practical
Reprogrammable incident light with channels; support phase-matching implementations
Meta-Holograms metasurfaces to create  dynamic configuration =~ between metasurface currzntly limited to
dynamic holograms. updates. and incident beam. 100 Gbps
Uses noise-protected Hich-speed operation:
Optical Phase Mask spectral phase i anfum—registant’ * Requires precise optical 400 Gbps demonstrated
Encoding with MHCD encoding with d ! phase control. p

coherent detection.

real-time protection.

6. Optical Network Security Framework

This final section synthesizes the vulnerabilities documented in Section 3 with the

comparative insights from Section 4 to propose a layered security framework. Developed
through an iterative case-based method [32], this framework was first conceptualized as
a theoretical design that combines physical-layer encryption (notably optical phase mask
encoding with multi-homodyne coherent detection, MHCD) and quantum key distribution
(QKD). The combination of advanced approaches using MHCD or meta-holograms presents
potential solutions to unite classical-quantum security standards, although the necessary
infrastructure must resolve precision and operational problems [40].

The analysis shows that one method does not adequately tackle the vulnerabilities
found in Section 3 without being future-proof against quantum attacks. The current
cryptographic methods demonstrate either strong throughput capabilities or post-quantum
security but must compromise with hardware complication procedures. The analysis
demonstrates why integrated architectures must be put into practice because Section 5
builds upon this requirement. Networks become stronger by establishing a systematic
union between physical-layer optical encryption and quantum key distribution because
each method addresses different weaknesses and conceals other limitations [13,31]. This
modification enhances the framework in a way that not only provides details of the most
suitable physical layer implementation technique but does it within the context of the
general hybrid security framework.

The proposed architecture in Figure 8 has one major advantage, namely the two-tier
security model. At the physical layer, MHCD offers a detailed data channel encryption
mechanism suitable for high-speed optical networks while QKD establishes secure working
keys through the principles of quantum mechanics. This integration achieves two critical
objectives: the paper focuses on achieving the high efficiency of the optical networks in
use today while at the same time enhancing their resilience to both classical and quantum
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attacks. Our framework presents a new way of integrating Layer 2 security on the direct link
between MACsec-enabled encryption systems and optical transceivers. This configuration
removes the risks that are usually associated with the use of conventional ZR modules as far
as security and network performance are concerned. Integrating optical transceivers with
MACsec provides strong encryption and integrity at Layer 2, while also being compliant
with post-quantum cryptographic techniques without having an adverse impact on current
security protocols.

Data Source Data Sink
MACsec MACsec
MHCD ® | opieat Cammel | — @ MHCD
Encoder P Decoder
KD -
QKD @ Quantl?n Channel @ it
Transmitter Receiver

Figure 8. QKD-MHCD integrated architecture for coherent optical networks.

The security architecture can be described as layered and based on several comple-
mentary mechanisms. Physical layer operations utilize spectral phase encoding to improve
transmission speed through the implementation of specific distortion patterns that need
correct phase detection equipment to be restored. During scenario testing [34], it was
proven that this method obstructs attackers from intercepting data since standard coherent
receivers fail to retrieve concealed spectral patterns. Meanwhile, QKD runs in parallel but
remains synchronized with the data channel to refresh encryption keys. From a case-based
perspective [32], each subsystem (MHCD, QKD, and MACsec) was scrutinized indepen-
dently, then integrated to confirm that the layered security measures did not interfere with
one another.

The framework’s quantum security is not derived by large numbers of computational
operations but by its architectural design. In contrast to public key systems that hinge on
the computational infeasibility of certain number-theoretic problems, the QKD approach
ensures that any eavesdropping attempt alters the quantum state, thereby triggering alarms.
The consistent detection of tampering validated that an attacker with advanced quantum
capabilities would face a “double burden”: breaking the optical-layer security (MHCD)
while simultaneously circumventing QKD’s tamper-evident exchanges.

By unifying these approaches in a single design, our solution delivers robust crypto-
graphic strength, forward secrecy, and backward compatibility in coherent optical networks
operating at 400 Gbps and above.

Although QKD theoretically guarantees tamper-evident key exchange, it does not re-
solve every vulnerability in a complex network. Specifically, QKD only addresses how keys
are shared; it does not inherently secure the data plane or the control plane against attacks
such as hardware tampering, management plane manipulation, or overhead exploitation.
Additionally, practical QKD implementations may face distance and throughput constraints
that necessitate fallback to conventional algorithms. Post-quantum cryptographic (PQC)
methods, on the other hand, protect data against quantum-enabled adversaries at the en-
cryption layer, regardless of how keys are generated or distributed. Consequently, a robust,
layered security model includes both QKD for tamper-evident key distribution and PQC
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algorithms for data encryption. This dual approach fortifies the entire system, ensuring
that even if one layer is compromised by sophisticated attacks, the other continues to
provide protection.

Operation success depends heavily on the correct implementation of the classical—
quantum interface. The research utilized an iterative refinement cycle [34] to establish
that the integration of classical signals alongside quantum channels on a single fiber does
not degrade performance effectiveness between them. Lab tests confirmed that swift data
encryption functions independently from slower quantum key distribution exchanges when
these keys exist on different light frequencies or when time-based multiplexing occurs. The
design methodology adopted by this system implements levels of modularity that allow
the replacement or upgrade of individual components for future compatibility [13].

Strong security characteristics emerge from the framework when it encounters ad-
vanced adversaries. QKD key exchanges become unreliable when man-in-the-middle
attacks happen at the control plane, thus triggering immediate warnings, as documented in
Section 3. Side-channel attacks focused on physical implementation such as spectral phase
state measurement and alteration become impossible because MHCD executes a near-real
time randomization of optical signals. Real network logs combined with lab test data
and theoretical analyses from validate the multiple security measures’ ability to make
unauthorized network access highly difficult to detect [33].

The system reacts to faults or noise by sophisticating its encryption level instead of
shutting down service operations. According to the validation approach [40], the encryption
safety in the classical data plane remains functional despite QKD channel device errors or
signal deterioration, which allows the baseline protection of data confidentiality and data
corpus integrity to persist. The quantum layer makes continued efforts to rebuild secure
keys, which stops the system from experiencing permanent failures. The risk model [35]
recommends that partial operational capability represents an acceptable approach for
preventing the full compromise of systems and services.

The architects performed an analysis on upcoming quantum computing patterns to
make their decisions. Physical-layer encryption together with QKD possesses physical
principles that stay valid beyond all levels of computing capabilities. The necessary re-
designs required to expand future capabilities such as quantum-safe algorithm updates and
metasurface encryptor integration proved minimal. The approach demonstrates through
its flexibility that it will endure over time.

The framework shows its main advantage through its capability to operate with
current network foundations. The architecture enables invisible encryption changes to
upper layers through a Layer 2 encryption boundary alignment. Upgrade procedures
involving MHCD-compatible optical transceivers along with QKD system integration need
significant action, yet they do not necessitate major changes to routing operations or data
hardware equipment. Previous research [33] established that incremental deployment is
practical since networks can start QKD on particular links before expanding key distribution
to all network links.

The precise calibration of spectral phase encoding generates minimal overhead and
quantum key generation does not disrupt data flow if multiplexing techniques are properly
used according to structured cases [32]. The simultaneous operation of key refreshment
with traffic ensures continuous encryption as the keys replace themselves. Multiple tests
under different traffic loads showed that standard enterprise and carrier networks could
smoothly implement the framework through measurement systems that met strict perfor-
mance criteria [34].

Due to its modular design structure, the architecture demonstrates an easy pathway for
potential growth additions. The system architecture accepts new cryptographic methods,
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advanced DSP components, and MACsec firmware updates by integrating them into its
current framework. The framework’s extensibility resulted from specific evaluations that
involved examining hypothetical replacement mechanisms at the subsystem level (standard
MHCD replacement with meta-hologram-based encryption). The study findings confirmed
that system synergy would continue to exist because fundamental interface definitions,
wavelength assignment, and synchronization schedules maintained their original state.

Scalability also formed part of the iterative validations. Distributed key management
and synchronized encryption can handle complex topologies that feature multiple nodes
or dynamic routing paths. Although more extensive coordination is required, especially
if QKD is shared among numerous endpoints, the architecture’s underlying modularity
supports expansions. Hence, large carriers or multinational enterprises can protect a wide-
ranging set of optical links without incurring exponential complexity.

7. Discussion
7.1. Research Result Contributions and Positioning

The research presents multiple insight levels regarding the secure operation of co-
herent optical networks that connect current classical attacks to future potential quantum
threats. The research investigates network vulnerabilities from architectural to protocol
to physical levels while assessing modern optical encryption techniques to generate ad-
vanced knowledge regarding network defense in high-speed 400 Gbps+ systems without
proper security measures. This Section presents results that both validate and diverge from
and extend the current literature while sharing the benefits and constraints of integrating
physical encryption with quantum key distribution systems.

Our analysis confirmed the concerns raised by previous research [15,16] that Me-
dia Access Control Security (MACsec) faces acute challenges in high-speed optical
networks—particularly in coherent environments. While prior studies emphasize timing-
based attacks and unauthorized access at the router-optical boundary, our work adds
granularity by showing that buffer synchronization gaps at gearbox interfaces, though
small (1-2 ns), can create covert channels even when MACsec is deployed. This finding
contradicts the assumption that MACsec alone can reliably safeguard data at terabit speeds.

Furthermore, our results reinforce the post-quantum concerns expressed by previous
work [7,33] that when MACsec depends on vulnerable key exchange methods, future quan-
tum computers could eventually decrypt previously recorded traffic. We go beyond these
studies by showing that bridging MACsec with OTU4 overhead fields, where overhead
bytes like the Trail Trace Identifier (TTI) and Bit Interleaved Parity (BIP-8) are susceptible,
widens the overall attack surface. The research in [3] indicates that lower-layer encryption
becomes less important because TLS/IPSec provides strong upper-layer security. The re-
search shows that as data transfer speeds grow alongside performance requirements, some
organizations decide to use upper-layer security measures alone, which omits essential
hardware-based exploit vulnerabilities in optical communication components.

Comprehensive optical network security approaches predominantly study isolated
components such as physical channels and overhead frames [4,5]. The security evaluation
we conducted shows that fragmentation still exists as an ongoing threat. Each technol-
ogy group including MACsec operates uniquely from optical-layer encryption, which is
separate from quantum key distribution systems that stand alone as individual systems.
The research findings indicate that the dispersed implementation of optical encryption,
MACsec, or QKD security elements does not achieve complete network protection. Our
methodology departs somewhat from the previous research in [5] because it suggested
that physical-layer protection and eavesdropping-aware routing are all that is required
to stop sophisticated interception attacks. While such methods do enhance privacy, our
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evidence highlights that adversaries can still exploit overhead channels and management
plane interfaces to bypass route-based defenses. This underscores the notion that successful
security must address vulnerabilities across all layers, not solely the transport path.

Our findings resonate with previous research [11,18], which cautions that post-
quantum cryptography demands more than simply deploying new mathematical algo-
rithms. These works point out the realities of deploying QKD in existing networks, issues
of scalability, distance limitations, and hardware compatibility. In line with these insights,
we show how layering QKD onto a coherent system must be executed with clear isolation
(e.g., dedicated wavelengths or time-division multiplexing) to prevent signal degradation.
Where we expand upon these discussions is in demonstrating that the synergy of optical
phase mask encoding, multi-homodyne coherent detection (MHCD), and QKD can protect
network traffic comprehensively, whereas each alone remains vulnerable. For example,
DRPE (Double Random Phase Encoding) was historically championed as “theoretically un-
breakable” under certain conditions, yet we confirm the more recent stance that advanced
machine learning can unravel DRPE unless phase masks are updated frequently—a con-
straint that complicates usage at 400 Gbps speeds. By contrast, MHCD side-steps some of
DRPE’s vulnerabilities by continuously embedding data in noise-like signals.

Some studies [17] argue that classical encryption, if properly implemented, remains
sufficiently secure in the near term. However, our post-quantum perspective challenges the
complacency that might arise from that viewpoint. We posit that a malicious actor could
be capturing high-value data now for future decryption. The window of vulnerability
suggested by the previous work in [8], where data can be stored indefinitely, means that
classical encryption strategies, even at the optical layer, risk obsolescence. We do not
dispute the viability of classical encryption in immediate operational contexts, but we join
the previous conclusion of [10] in asserting that ignoring post-quantum risks could be
highly problematic in industries where long-term data confidentiality is paramount.

By embedding optical-phase mask encoding with MHCD at the physical layer and
coupling it with QKD at the key-management layer, our proposed framework offers a prac-
tical strategy to balance immediate network performance with resilience against future
quantum adversaries. Compared to previous suggestions [3], which focus on quantum key
delivery alone, we argue the following for a dual-plane protection model: quantum-based
key distribution handles the ephemeral key process, while physically encoded signals
thwart advanced eavesdropping attempts. This approach ensures that even if quantum
key exchange is momentarily compromised or suffers from hardware limitations [9], the
data plane retains a robust line of defense via optical-layer encryption.

7.2. Constraints and Potential Trade-Offs

The experimental findings show that multi-homodyne coherent detection operates at
a 400 Gbps speed but establishing dynamic spectral phase masks demands unique hardware
systems. The security benefits of metasurface encryption match those described in previous
research [40]; however, they present fabrication and alighment obstacles to implementation.
The level of physical-layer encryption strength in systems directly varies according to how
simple deployment turns out to be for researchers and industry professionals.

QKD channels connected to existing coherent optical links resolve multiple compatibil-
ity issues [4,16]. The necessity of backward compatibility results in configuration problems
that occur when new optical modules fail to operate with older router platforms correctly.
These edge cases in extensive network structures produce performance degradations along
with exploitable timing differences in the system.

Recipients of quantum key distribution systems might experience performance issues
because key token rates fall behind network speed requirements [18]. We observed that
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employing separate key management channels or frequency bands can relieve some of these
constraints, yet the overall architecture must remain aware of the finite QKD throughput.
Operators might need to prioritize which links receive “fully quantum” treatment first (e.g.,
financial or government data links) versus those that remain under classical encryption but
with advanced physical-layer defenses.

Despite demonstrating strong resistance to overhead manipulation and advanced
DSP-based exploits, our proposed approach is not entirely invulnerable. For instance, in
extremely sophisticated attacks—where an adversary might combine machine learning to
invert partial phase masks while also employing quantum computing resources—there
may be unanticipated vulnerabilities if the optical hardware is poorly maintained or if key
management is not flawlessly implemented. These are areas where ongoing real-world
testing and vendor collaboration are essential.

Experimental Feasibility. From a practical standpoint, the core modules of our frame-
work, multi-homodyne coherent detection (MHCD) and quantum key distribution (QKD),
have been demonstrated at the laboratory scale for data rates up to 400 Gbps. For example,
recent testbeds have successfully integrated QKD channels alongside coherent optical data
channels without significant bit-error penalties. However, translating these proofs of con-
cept into commercial, large-scale deployments poses challenges regarding cost, specialized
hardware (e.g., custom phase mask components), and the need for precise synchronization
across complex network topologies.

Hardware Implementation and Integration Case Studies. Early prototypes for integrat-
ing MHCD with existing optical transceivers indicate that phase mask components must
be custom-fabricated and often require high-precision alignment systems, which can esca-
late manufacturing costs. Additionally, deploying QKD in operational networks typically
demands dedicated fiber channels or carefully engineered WDM configurations to avoid
cross-talk with classical signals. In one recent trial deployment involving a metropolitan
network testbed, researchers introduced a QKD channel over a shared fiber infrastructure
and observed that strict temperature control was necessary to maintain stable quantum
bit-error rates. Another case study at a financial data center revealed that advanced DSP
boards, featuring FPGA-based real-time phase recovery, proved integral in achieving sub-
nanosecond timing accuracy for homodyne detection. These experiences underscore the
importance of close collaboration between network operators, equipment manufacturers,
and cryptography experts. As organizations move beyond the laboratory phase, pilot
projects focused on narrower network segments, like inter-data center links, offer a gradual
pathway toward broader production rollout, helping validate interoperability and refining
installation procedures before large-scale adoption.

Although industry prototypes exist for MHCD and certain QKD hardware solutions,
real-world testing under variable traffic loads and fault conditions remains limited. Conse-
quently, the transition from controlled lab demonstrations to fully operational networks
will require incremental rollout strategies, vendor collaboration for firmware and hardware
refinements, and rigorous field trials to validate interoperability with existing MACsec-
enabled infrastructures.

7.3. Directions for Future Research

The layered framework described herein sets a trajectory for next-stage research. In-
corporating machine learning models trained to detect minute fluctuations in phase masks
or overhead fields could proactively signal ongoing attacks. The authors continue the
previous work in [21], whose authors proposed machine learning for detecting anomalies
in SDN-controlled networks. New QKD protocols intended for dynamic operation with re-
configurable optical add-drop multiplexers would increase distributed large-scale network
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security through network rerouting and maintenance periods. Further quantitative bench-
marks are needed on how multi-homodyne coherent detection scales when integrated with
non-quantum safe encryption layers [41]. Our results hint at minimal latency penalties, but
large-scale, multi-hop validations under real traffic patterns remain crucial. Building on the
notion that vulnerabilities at overhead fields can cascade into deeper layers, an automated
cross-layer defense mechanism, where anomalies in overhead bytes trigger immediate
re-keying or path reconfiguration, could block sophisticated time-based exploits before
they spread.

8. Conclusions

The protection of data operations requires advanced and secure solutions because
these operations now define how global infrastructure develops. The integration of MACsec
and Layer 2 controls with advanced digital signal processing and phase-sensitive detection
magnifies the security risks from minor breaches in 400 Gbps and faster links, as predicted
at the beginning. This research confirms that ignoring security holes in the optical layer
combined with key exchange vulnerabilities makes large-scale infrastructure exposed to
both present-day attacks and forthcoming decryption methods. Meanwhile, upper-layer
encryption methods like TLS and IPSec have been insufficient over time since quantum
computing threats and transmission rate growth require more protection.

This study establishes comprehensive vulnerability mapping starting from hardware
synchronization gaps and OTU4 overhead manipulation through multi-homodyne DSP
exploits, and proves that coherent network protection must be fully integrated rather than
followed separately. Each element in the series of protocols and framing methods coupled
with encryption layers brings forth individual security threats. Post-quantum develop-
ments make data collection today more problematic since encrypted communications can
later be subjected to successful decryption methods. Studies validate that using MACsec
or optical-layer encryption as standalone solutions will not provide lasting confidentiality
during quantum computing development.

For the protection design of national-scale critical infrastructures, global financial
systems, and data centers that support cloud-based services, it is crucial to create a security
framework that considers throughput performance and latency alongside future capabili-
ties. The proposed dual-layer encryption mode consisting of optical phase mask encoding
enabled by physical-layer encryption delivers a viable solution. Networks secure their
data effectively through the combination of phase mask encryption at high speeds with
quantum-based key distribution methods. When a top security layer encounters an analysis
or time-based attack, it is supported by a secondary defense layer that retains privacy or
identifies any ongoing intrusion.

The world’s data infrastructure future requires the practical integration of quantum
resilience at the physical layer because the findings show the necessity of this approach for
developing coherent optical systems. Security measures implemented by stakeholders to
tackle hardware and protocol weaknesses as well as cryptographic mechanism flaws enable
optical transport systems that are protected from present and future data requirements and
quantum security threats.
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