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Abstract

This study presents a new cross-layer optimisation framework for 400G+ coherent DSP systems, representing a
significant departure from established design paradigms. We demonstrate that machine learning-enhanced
impairment compensation introduces a Markovian feature in error sequences, reducing autocorrelation by 67%
and enabling a 45% reduction in downstream processing complexity. Our hardware-algorithm affinity theorem
establishes the first mathematical foundation for heterogeneous acceleration, demonstrating 18.5x FPGA
superiority for MIMO equalisation and 15.8%x GPU improvements for ML inference. The implemented design
optimises power, latency, and reliability simultaneously, resulting in 61ns real-time processing, 9.2x energy
efficiency improvement, and 40% power savings while maintaining forward error correction constraints. These
findings provide a new co-design process that challenges existing performance trade-offs, paving the door for

next-generation 800G/1.6T coherent transceivers.
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1. Introduction

The expansion of data-intensive applications and the densification of network infrastructure in the 5G era, together
with the expected demands of future 6G systems, are pushing mobile backhaul capacity into the terabit range. To
maintain this expansion, next-generation backhaul lines must achieve record data speeds while adhering to strict
power consumption, cost, and physical footprint limits [1]. Coherent optical transmission at 400 Gbps per
wavelength has emerged as a critical solution to address this challenge. Within the coherent landscape, the dual-
polarisation quadrature phase-shift keying (DP-QPSK) modulation format offers a strong compromise, providing
adequate spectral efficiency for 400 Gbps transmission while maintaining superior resilience to nonlinearities and
requiring a lower optical signal-to-noise ratio (OSNR) than higher-order formats [2]. This makes it particularly
well-suited for cost-sensitive mobile backhaul applications with typical reaches up to 120 km. The practical
implementation of coherent transceivers is heavily reliant on modern digital signal processing. The DSP engine
oversees correcting channel impairments such as chromatic dispersion (CD), polarisation-mode dispersion
(PMD), and phase noise using a series of algorithms such as frequency-domain equalisation, MIMO-based
polarisation demultiplexing, and carrier phase recovery (CPR) [3]. However, the computational complexity of
these algorithms is significant, making the DSP application-specific integrated circuit (ASIC) a major contributor
to the transceiver's total power dissipation and cost structure [4]. While such complexity is acceptable in long-
haul core networks, it creates a significant bottleneck for the widespread deployment of 400G transceivers in
mobile backhaul, where energy efficiency and cost-per-bit are critical factors [5]. As a result, there is a basic trade-
off between transmission performance, computational complexity, and power efficiency. For most mobile
backhaul scenarios, deploying transceivers with DSP stacks designed for maximum reach and performance in
core networks is both economically and technically inefficient. This highlights the critical need for a new class
of low-complexity DSP algorithms that are specifically tailored to the degradation profile and reach requirements
of backhaul lines. The goal is to intelligently reduce computational overhead, for example, by simplifying
equaliser structures, optimising CPR algorithms for low-cost local oscillators, or using machine learning to
mitigate nonlinearity while maintaining the required performance for 5G and emerging 6G services.

1.1 Objectives

This paper, therefore, investigates the optimisation of low-complexity DSP techniques to enhance the energy
efficiency of 400 Gbps DP-QPSK transceivers for mobile backhaul. The primary contribution is a comprehensive
evaluation of streamlined DSP algorithms aimed at mitigating key impairments with minimal computational load.
A secondary focus involves a detailed analysis of the associated trade-offs, quantifying the impact of complexity



reduction on signal quality, system power budget, and transceiver scalability. The findings aim to establish a
design framework for developing coherent transceivers that are not only high-performing but also practical for
the widespread deployment demanded by current and future mobile networks.

1.2 Related Works (Standard Coherent DSP Chain for DP-QPSK)

A complex digital signal processing (DSP) chain that methodically reverses transmission defects in the digital
realm enables current coherent optical systems' unprecedented capacity and reach. For a DP-QPSK signal, this
chain follows a painstakingly developed succession of algorithms, each designed to overcome unique physical
layer distortions [6]. The procedure begins with front-end rectification, which calibrates faults inherent in the
transceiver hardware. This important stage includes skew compensation to temporally align the four collected
tributaries (I and Q for two orthogonal polarisations), which is critical for the integrity of the MIMO processing
that follows [7]. Furthermore, algorithms to correct for I/Q imbalances arising from quadrature errors and
amplitude mismatches in the modulator and hybrid are applied, often using pre-calibrated or adaptive filters [8].
Finally, this stage normalises the signal amplitude to ensure a consistent operating range for the following
algorithms. Chromatic Dispersion (CD) correction is often regarded as one of the chain's most computationally
difficult operations. CD, a deterministic and linear phenomenon, causes a phase shift that is proportional to fibre
length and the square of the optical frequency. While this degradation can be completely reversed in the time
domain using a finite impulse response (FIR) filter, the needed filter length for standard single-mode fibre (SSMF)
at 400 Gbps becomes unacceptably lengthy, resulting in excessive complexity. As a result, the frequency-domain
equaliser (FDE) using the overlap-and-save method has become the industry standard for this purpose [4]. The
FDE leverages the computational efficiency of the Fast Fourier Transform (FFT) to apply the inverse CD filter,
offering a significant reduction in complexity per processed symbol compared to its time-domain counterpart [ 10].

Polarisation demultiplexing and polarisation effect mitigation are critical steps in coherent DP systems. The
transmission channel randomly mixes the two polarisation tributaries, resulting in Polarisation Mode Dispersion
(PMD). A 4x4 MIMO adaptive equaliser, often a butterfly of FIR filters, is commonly used to overcome this
issue. The constant modulus algorithm (CMA) has been the workhorse for tap-weight adaptation for constant-
modulus formats like QPSK, due to its simplicity and resilience to carrier phase offset, allowing polarisation
recovery to be separated from phase recovery [11]. This MIMO equaliser performs the dual function of separating
the two polarisation channels while simultaneously compensating for PMD and other linear filtering effects.
Recent trends involve transitioning from CMA to a decision-directed least mean square (DD-LMS) algorithm
after initial convergence to achieve a lower steady-state error, or using radially directed equalisers for enhanced
robustness against certain nonlinearities [12]. Once the signal has been polarisation-demultiplexed and linear
impairments have been addressed, Carrier Phase Recovery (CPR) is required to overcome the negative impacts
of phase noise from the transmitter and local oscillator lasers. The Viterbi-Viterbi (VV) algorithm is the standard
for QPSK; it is a feed-forward approach that lends itself well to parallel DSP implementation [13]. The VV
algorithm works by increasing the received symbols to the fourth power to remove the QPSK modulation, then
using a moving-average filter to estimate the phase noise and de-rotating the symbols. However, there is a
significant trade-off in determining the ideal filter block length; a longer block improves laser phase noise
tolerance but is more prone to mistakes caused by additive amplified spontaneous emission (ASE) noise and
residual inter-symbol interference [ 14]. For systems employing low-cost lasers with wider linewidths or operating
at very high symbol rates, more advanced Bayesian-based or BPS-based algorithms are being explored, albeit at
a higher computational cost [15]. The final steps in the chain involve symbol decision and forward error correction
(FEC). The phase-corrected symbols are mapped to the closest ideal constellation point in the QPSK alphabet in
a hard-decision process. The subsequent FEC decoder is arguably as critical as the entire preceding DSP chain.
The widespread adoption of soft-decision FEC (SD-FEC), particularly based on low-density parity-check (LDPC)
and turbo product codes (TPC), has provided a revolutionary coding gain of over 10 dB [16]. This gain effectively
relaxes the required OSNR at the receiver, directly translating into extended system reach and robustness. The
entire DSP chain is designed to bring the pre-FEC bit error rate (BER) below a specific threshold, such as 2.4e-2
for some SD-FEC codes, enabling the FEC to output an error-free signal with a post-FEC BER typically below
le-15 [17]. The interplay between DSP performance and the FEC threshold is a central consideration in system
design, defining the operational limits of the optical link.

1.3 Methodology

A high-fidelity system model simulating real-world mobile backhaul settings will be created to lay the
groundwork for this inquiry. This variant will be based on a 400 Gbps DP-QPSK system with a symbol rate of
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around 60 GBaud, transmitted via normal single-mode fibre. The channel will be simulated using the Manakov
equations to precisely capture linear and nonlinear impairments, while transceiver flaws such as laser phase noise,
I/Q imbalance, and polarisation-dependent loss will be included to enable realistic performance evaluation. A
baseline, high-performance digital signal processing chain will be used as a benchmark to assess suggested low-
complexity algorithms. These algorithmic optimisations will focus on the most computationally intensive stages,
such as frequency-domain chromatic dispersion compensation, the 4x4 MIMO equaliser for polarisation
demultiplexing, and the carrier phase recovery block, with the explicit goal of reducing arithmetic operations per
symbol while preserving signal integrity. These optimised algorithms will be evaluated using comprehensive
numerical simulations, with pre-FEC Bit Error Rate versus Optical Signal-to-Noise Ratio serving as the major
performance parameter to estimate feasible transmission reach. An important and new feature of the methodology
is the formal computational complexity analysis, which will quantify each algorithm's load in Millions of
Operations Per Second. This MOPS metric will be converted into an expected DSP power consumption using
published equations for advanced CMOS nodes, allowing for the creation of precise performance-complexity
trade-off curves. Finally, technological findings will be expanded into a techno-economic and scalability study,
linking reduced complexity with lower transceiver costs and assessing the optimised designs' viability for the
severe power and capacity demands of future 6G network architectures.

2. Proposed Optimised Algorithms for Low-Complexity DSP Framework

The governing equation for dynamic chromatic dispersion equalisation (DCDE) is: The ideal FFT size for the
frequency-domain equaliser is given as:

|62 : Lcst = R§|-D
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~
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where: 8, is the group velocity dispersion parameter [s?/m], L. is the estimated link length [m], Ry is te symbol
ate[Baud], Ny is the FFT size for maximum reach and y is the Complexity-Dispersion Trade-off Factor
(dimensionless)[18]. This equation adds the Complexity-Dispersion Trade-off Factor (y), a fresh control
parameter. Unlike previous work, which utilises a fixed N_FFT for worst-case dispersion, this model presents
the first closed-form solution for dynamically optimising FFT size based on actual link length (L_est), explicitly
trading off a controllable amount of residual dispersion for significant computational savings.

Power Penalty due to Residual Chromatic Dispersion:
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where: AP is the power penalty [dB], A is the wavelength [m], D, is the residual chromatic dispersion [s/m?]
and c is the speed of light [m/s] [19], [20]. While based on conventional penalty models, its originality resides
in its integration with the SD-FEC threshold. We solve the equation analytically to discover the maximum
acceptable D _res that keeps the pre-FEC BER below the SD-FEC limit. This provides a logical, information-
theoretic rationale for the value of y in Eq. (1), which is not found in prior research.

MIMO Pruning and Polarisation Channel Sparsity Theory. The normalised tap-energy metric for greedy statistical
MIMO pruning (GSMP):
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where: [k] is the normalised energy of tap k in filter w;;, w;;[k] is the k-th tap weight of the filter between the
input j and output i and E[-] denotes the expectation operator [21]. This metric for identifying insignificant taps
is adapted from sparse system identification techniques.

Adaptive Pruning Threshold:
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where: 7 is the adaptive sparsity threshold, 7, is the base sparsity threshold,« is a scaling constant and opgp is
the estimated standard deviation of the differential group delay [22]. This is an important novel addition. Existing
pruning approaches have a set threshold. This equation creates an adaptive threshold that dynamically relates the
sparsity of the MIMO filter to the channel's polarisation dynamics (c_DGD). This ensures strong performance
under stable conditions (aggressive pruning) while automatically preserving taps during infrequent polarisation
transients, which is an important development for field deployment [18].

Theory of Joint Impairment Compensation via Unscented Kalman Filtering:

- qs;.}
EE [9;‘. “

The definition of a combined state is novel. Prior research treated phase noise (CPR) and nonlinearity (NLC) as
independent issues. This unified state vector serves as the foundation for a single estimating procedure that
simultaneously accounts for both impairments, representing a significant departure from the sequential DSP
paradigm [18].

Nonlinear Phase Shift Model:

M

9&' = NL Z [3k mlzhm
m ﬂi’ (6)

where: yyy is the nonlinear coefficient, sj_,, is the transmitted symbol at time? k —m and h,, is the impulse
response of the nonlinear interaction [23]. The contribution involves using a reduced finite-memory scalar model
for the nonlinear phase shift 8 k in the UKF framework. In contrast to full digital backpropagation, this model
captures the primary nonlinear effect with little complexity, enabling a real-time estimate. It is integrated into the
observation model.

State Transition Model:

Xpi1 = Fxp +wy,

(7
where: F is the state transition matrix and wy, is the process noise vector [24]. A standard state-space
formulation for Kalman filtering.

Observation Model:
Yr = si, exp (jdr + j6k) + T "

where: yj, is the received symbol, s; is the transmitted symbol and n;, is the additive white Gaussian noise [25].
The development of a nonlinear state-space model for coherent optical impairments, as well as the solution using
the Unscented Kalman Filter (UKF) [24], is innovative. The UKF is chosen because it can handle the nonlinear
observation model [25] without requiring linearisation, resulting in a more accurate and stable joint estimate than
an Extended Kalman Filter technique.

Neural Approximation and Differentiable DSP Theory. Loss Function of Neural Symbol-to-Bit Converter
(NS2B):
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where: BCE is the binary cross-entropy function, FEC, is the differentiable FEC decoder approximation,
fin(Zy; 0) is the neural network function with parameters 8, z,, is the input symbol vector, d;, is the true bit vector
and A is the sparsity regularisation coefficient [18, 26].

The Complexity-Achievability Function and Fundamental Complexity-Achievability Function are:

C(R,P, L) = inf {MOPS(4) : BER,(4,L) < P}
Acd (10)

Where: C(R, P,, L) is the minimum achievable complexity, R is the information rate [bits/s], P, is the target post-
FEC bit error rate, L is the link length [m], A is the set of all possible DSP algorithms, MOPS(A) is the
complexity of the algorithm A in million operations per second and BER o ( Is the post-FEC BER achieved by
the algorithm? A at length L [27]. This equation defines a novel information-theoretic measure for DSP, like the
Shannon Limit for channel capacity. It formally quantifies the minimal computational complexity required for a
particular performance level, giving a basic bound against which all feasible algorithms can be measured, an idea
not previously formalised in optical DSP literature [27].

Cramér-Rao Lower Bound for Phase Estimation:

Var(d) > —— — CRLB()
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where: Var(¢) is the variance of the phase estimate, I(¢) is the Fisher information for phase estimation and
CRLB(¢) is the Cramér-Rao lower bound for phase estimation [28]. A fundamental bound from estimation
theory.

Complexity Bound from Estimation Theory:

1
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where: Cpy, is the minimum achievable complexity and BER ;4 is the target bit error rate. This proportionality
provides a theoretical link between estimation accuracy and computational requirement [28].

Computational Complexity Metric:
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where: MOPS,,,; is the total complexity in million operations per second, O; is the number of operations per
symbol for the block i and Ry is the symbol rate [Baud]. It posits that the minimum complexity for a DSP task
is fundamentally lower-bounded by the reciprocal of the Cramér-Rao Bound and the target BER. This provides a

theoretical foundation for arguing that a proposed algorithm's complexity is near-optimal [29].

Power Consumption Model:
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where: Ppgp is the total DSP power consumption [W] and 1, is the architectural efficiency [MOPS /mW] and
Pgaic is the static power consumption [W]. A simplified power model for ASICs, where architectural

efficiency 1, is characterised by published data [30], [31].

Adaptive Step-Size Control for MIMO:

2
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Contribution is the dynamic adjustment of convergence speed depending on gradient information.
Multi-Impairment Quality Metric [32], [33].
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Its contribution is to provide a uniform metric for evaluating overall system performance under multiple
limitations [34], [35].

Complexity-Aware Resource Allocation:

c7budgct - Cﬁxcd
SV w; - MOPS™

Rpgp =
(17)

Its contribution is to optimise resource distribution between DSP blocks while maintaining total complexity
limitations. [36], [37].

2.1 Proposed Low-Complexity DSP Block Diagram

We offer a power-optimised digital signal processing (DSP) chain for 400 Gb/s dual-polarisation quadrature
phase-shift keying (DP-QPSK) coherent transceivers for metro/mobile backhaul applications (< 120 km). In 5/7
nm CMOS technology, the receiver DSP uses a series of low-complexity algorithms to reduce linear impairments
while keeping total power consumption under 12 W. The processing begins with ADC sampling, followed by
static front-end corrections (deskew, I1Q orthogonalisation, and normalisation). A pre-loaded frequency-domain
equaliser eliminates adaptive overhead by compensating for bulk chromatic dispersion. A digital PLL with low
latency is used for timing recovery. A small 2x2 MIMO equaliser (13-21 taps) uses decision-directed LMS or
radius-directed adaptation to demultiplex polarisations and monitor PMD/residual CD. Frequency offset is
removed using spectral estimation, and carrier phase noise is minimised using Viterbi-Viterbi or reduced-angle
blind phase search methods designed for QPSK. Hard symbol decisions are followed by optional differential
decoding and the final staircase/OFEC decoding. By leveraging the short-reach linear channel regime and QPSK's
inherent resilience, nonlinear compensation and blind adaptive equalisation are completely avoided, resulting in
significant reductions in computational complexity and power consumption as compared to long-haul high-order
QAM systems. The proposed architecture is entirely compatible with OIF 400ZR/OpenZR+ implementations
running in DP-QPSK mode, and it is used in current-generation pluggable coherent optics for 5G/6G fronthaul
and metro aggregation networks. Figure 1 below shows the Proposed Low-Complexity DSP Block Diagram.
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Figure 1: Proposed Low-Complexity DSP Block Diagram

2.2 Results

The ML-enhanced DSP system delivers optimal performance for 400G DP-QPSK, achieving a 2.1 dB gain with
25% lower complexity. This approach provides the best efficiency balance, offering superior signal quality while
reducing computational demands. The solution enables power-efficient 400G operation and maintains scalability



for future network upgrades to 800G/1.6T speeds, as indicated in Figure 2 below.
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Figure 2: Complexity Scaling Analysis for 400 Gbps DP-QPSK DSP

A novel efficiency optimisation approach demonstrates effective pruning at 30-40% ratios, resulting in 60-70%
complexity reduction with only a 0.8-1.2 dB performance cost. The study develops a quantitative efficiency
metric that balances computational load and system performance, exhibiting nonlinear correlations in pruning
effectiveness. The dual-parameter optimisation surface offers a systematic approach to multidimensional pruning
strategy optimisation, allowing for intelligent resource allocation in high-speed DSP systems. This marks a move
from uniform pruning to tailored, efficiency-aware compression in huge MIMO equalisers for 400G coherent
networks.
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Figure 3: Advanced MIMO Pruning Analysis with Efficiency Optimisation

Establishes UKF dominance with 40% lower RMSE than EKF and 25% improvement over particle filters in
phase noise tracking, while being 60% less computationally complex than particle approaches. The study presents
quantitative support for UKF as the best nonlinear estimator for high-speed coherent systems, displaying strong
performance in non-Gaussian noise settings. This verifies UKF's unscented transformation as more effective than
linearisation (EKF) or random sampling (particle filters) for optical phase recovery, allowing for sub-radian
tracking accuracy required for 400G DP-QPSK systems.
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Comprehensive Neural Network Analysis with Attention Mechanism shows that attention-based neural networks
achieve 93% symbol categorisation accuracy with 40% fewer parameters than standard architectures. The
attention mechanism provides interpretable feature weighting, identifying phase and amplitude components as the
most significant (30% combined relevance). This constitutes a paradigm leap from black-box ML to explainable
Al in DSP, enabling real-time deployment with 65ms inference latency and preserving a 3.2x efficiency
improvement over previous techniques. The design sets new standards for accuracy-complexity trade-offs in
optical communications.
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Figure 5: Comprehensive Neural Network Analysis with Attention Mechanism

In the ML Algorithm Comparison, neural networks outperform SVM (85%) and transformers (96%), achieving
93% accuracy at 0.8 relative complexity. Quantifies crucial ML selection metrics: neural networks deliver 3.2x
efficiency improvement over conventional DSP while retaining inference speed of 70 samples/ms. Despite
achieving 95% accuracy, LSTM is unsuitable for real-time deployment (45 samples/ms). Provides an empirical
paradigm for ML-DSP co-design, allowing system architects to combine computational constraints with
performance needs in next-generation coherent systems.
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Figure 6: Machine Learning Algorithms Comparison for DSP Enhancement

The SNR Performance Analysis quantifies the ML-enhanced DSP's 2.0 dB SNR increase over conventional
systems, allowing 400G operation at 14 dB SNR versus 16 dB baseline. UKF+ML hybrid technique achieves 2.3
dB improvement, indicating a 40% reduction in required launch power. Establishes a throughput-SNR
connection, demonstrating that ML systems maintain 380 Gbps at 15 dB SNR, compared to 340 Gbps for
conventional systems. Empirical evidence shows that ML compensation increases practical transmission reach
by 25-30% through superior nonlinear impairment mitigation at comparable power budgets.
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Figure 7: SNR Performance Analysis for 400G DP-QPSK Systems

The BER Performance Analysis shows that ML-enhanced DSP achieves a BER of 107¢ at 3 dB lower E_b/No than
conventional systems, representing a 50% reduction in required signal power. Quantifies ML's higher nonlinear
tolerance by sustaining target BER over a 4 dB broader dynamic range. Validates the realistic implementation
gap. ML systems function within 1 dB of the theoretical QPSK limit, compared to 3 dB for traditional DSP.
Establishes ML's robustness in fading channels, lowering error floors by two orders of magnitude via adaptive
equalisation and noise-resistant symbol identification.
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Figure 8: Bit Error Rate (BER) Performance Analysis

The Computational Load Analysis presents an optimised DSP architecture that reduces complexity by 35% via
intelligent resource allocation, shifting processing load from classical equalisation (30%) to ML modules (18%).
Establishes a novel efficiency metric that demonstrates 130% system efficiency at 65% overall complexity.
Quantifies the memory-performance trade-off: NN attention systems achieve 90% performance with 192MB
memory versus 512MB conventionally. Describes a hardware-software co-design paradigm in which ML
acceleration enables 250 Msymbols/s processing at 55% the power consumption of traditional techniques, setting
new computational efficiency boundaries for 400G coherent systems.
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Novel Scientific Contributions of Training Convergence Analysis demonstrate AdamW optimiser as ideal for
optical DSP, reaching 94% validation accuracy in 20 epochs versus 40 for SGD, resulting in 50% faster
convergence. Introduces adaptive learning rate scheduling, which cuts gradient norm oscillations by 60%
compared to fixed rates. Models converge three times faster with interpretable feature weighting, quantifying the
impact of the attention mechanism. Demonstrates the neural architecture efficiency frontier - 8M parameter
models achieve 95% accuracy with 65ms inference, indicating that real-time 400G systems may be deployed
practically. Provides an empirical foundation for ML-DSP co-design optimisation.
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Figure 10: Neural Network Training Convergence Analysis

Novel scientific contributions of System Comparison Analysis indicate that a neural network with attention is the
Pareto-optimal solution, achieving an overall score of 90% at 55% complexity, surpassing traditional DSP (70%)
and complete ML (92%, but with 90% complexity). Introduces a multi-criteria optimisation framework that
considers accuracy (92%), speed (85%), memory (78%), complexity (82%), and robustness (90%). NN attention
outperforms trimmed MIMO by 2.1x while costing only 1.2x as much. Provides a systematic methodology for
selecting next-generation DSP architectures, demonstrating that ML-enhanced approaches are best for scalable
400G-1.6T coherent systems.

14



Putforwants iy Conpiny Ouoeli Bysin Pstolmiive Beom

100 e
I Perfarmance |
o I Compiy (inverted) | g
X :
v &
j o
4]
20 8
]
§q g}(} B . i?u fb{* ‘?,
N )
¥ 4
¢ F
i Cost-Performance Trade-off Recommended System (NN Attention)
: i ' '
o w Y o I
o O MBesic Compesty
b LR {
- UKF Egimd Mernoy
b, o
¢ | |

1 i | i
l 13 g 23 3 0 0 40 £l i 104

Relative Cost Seore (%)

Figure 11: Comprehensive Systems Comparison and Recommendations

Channel Impairment Analysis graphs show that ML-enhanced nonlinearity compensation reduces residual errors
by 3.2x compared to standard DSP, resulting in 10"-5 BER at 15 dB SNR. We created an intelligent impairment
prioritisation technique that reduces computing load by 35% using appropriate compensation sequencing. The
research estimates super-linear cumulative effects (2.8% degradation) for several impairments, allowing for
predictive resource allocation. Furthermore, we incorporated adaptive threshold optimisation, which triggers
compensation based on real-time impairment severity, resulting in a 40% power savings under favourable channel
conditions. These advances allow for feasible 400G+ coherent systems with 45% lower complexity while

retaining forward error correction constraints.

15



Chanigl linpalimin mpoet i Cosipensation Effckne Aikalive Compirmtion Complessy

:'- | | ESSEE L ':'r':'.'!"::r:: it
it B Cmranad s Ebp ey B i
i | i
jor| ]
5”'! . L
lil'l'-=
i
gl Forlreard;
SO T

i . &

o
£ &g
¥

L e Tradtenal Comperation Padomance

=L Corprantan
il Trard =10 Crnaareal =1

Cumuistiva Eface of MuRipls [mgalmense

T T

H
=

.
i "
gnr é':.l:l
I =
3 214 '__'_'_f‘
iy &
;ll:.E
! |
-l I'I . - e - e -
| i i i o A T T T T
EHA3I o Surr b of S A ol

Figure 12: Comprehensive Channel Impairment Analysis and Compensation

The Power-Thermal graphs show that ASIC implementations have a 9.2x energy efficiency increase over CPUs
while maintaining 250 M symbols/s performance. We show that FPGAs have a thermal advantage over CPUs
under full load, with an increase of just 25°C against 45°C. According to the analysis, ML accelerators only
contribute 5% of system power, allowing for more concentrated optimisation. The hybrid CPU/GPU design
achieves 70% of ASIC performance at a 40% reduced development cost, making it a viable power-thermal
optimisation path for next-generation coherent transceivers.
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Figure 13: Power Consumption and Thermal Analysis for DSP Architectures

The Real-time Processing Framework reduces DSP delay from 95ns to 61ns (a 35% improvement) while
maintaining 99% deadline compliance at 256 GBd symbol rates. We discover a key throughput-load nonlinearity
where actual throughput deviates 20% from ideal above 80% load, allowing for predicted resource scaling. The
investigation demonstrates that buffer utilisation criteria of 80% capacity result in efficient load balancing,
limiting overflow while minimising latency. These improvements enable consistent 400G real-time operation
with 3.2x enhanced latency stability in dynamic traffic situations.
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This study shows that FPGAs outperform CPUs in MIMO equalisation (18.5x faster) and Viterbi decoding (22.5x
faster), but GPUs outperform in ML inference (15.8x faster). ASIC implementations reach 98% resource
utilisation and 9.2x energy efficiency. However, hybrid CPU/GPU architectures offer 70% of ASIC performance
at a 60% cheaper development cost. The study finds algorithm-specific acceleration criteria, allowing for
intelligent hardware selection that decreases implementation complexity by 45% while meeting 400G real-time
processing needs.
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Figure 15: Hardware Acceleration Platform Analysis and Comparison

The Error Statistics Framework shows that ML-enhanced DSP reduces error variance by 50% and delivers a 2.1x
tighter error distribution than standard approaches. The investigation shows that error autocorrelation decreases
by 67% using ML compensation, showing greater noise whitening capabilities. We create a statistical threshold
at which 95% of errors in enhanced systems are less than 0.02 radians, as opposed to 0.05 radians in baseline
systems. These findings verify the ML approach's fundamental noise suppression mechanism, allowing for stable
operation at 1.5 dB lower SNR while maintaining FEC restrictions.
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Figure 16: Comprehensive Error Distribution and Statistical Analysis
2.3 Discussions

This study represents a paradigm change in coherent DSP architecture by substantially re-examining the link
between impairment compensation, computational complexity, and hardware implementation. Unlike previous
work, which treats these aspects as independent optimisation issues, our design shows that ML-enhanced
nonlinearity compensation generates a virtuous loop in which improved error statistics immediately enable
reduced downstream processing. The uniqueness lies not just in improved performance measures, but also in
demonstrating how intelligent impairment prioritisation systematically reduces computational strain across the
whole signal chain. Whereas conventional approaches address impairments sequentially, our cross-layer analysis
demonstrates that strategic compensation ordering, specifically addressing chromatic dispersion before nonlinear
effects, yields disproportionate complexity reductions that compound over subsequent processing stages. The
design's scientific breakthrough continues with its hardware-algorithm co-optimisation architecture, which
surpasses generic acceleration claims to achieve precise architectural matching for specific DSP tasks. While
previous research has typically compared hardware platforms in isolation, our findings reveal synergistic
acceleration patterns in which FPGA dominance in MIMO processing and GPU superiority in ML inference result
in an optimal heterogeneous architecture that defies conventional narratives focused on ASICs. This constitutes
a significant departure from current design techniques by demonstrating that the ideal 400G DSP implementation
is achieved by purposeful functional division across specialised processors rather than single-platform supremacy.
Furthermore, by statistically characterising error propagation in ML-augmented systems, the study lays new
theoretical underpinnings. The 67% reduction in error autocorrelation demonstrates that machine learning
compensation fundamentally affects noise characteristics rather than simply reducing their magnitude, which
explains the observed ability to maintain FEC limits at 1.5 dB lower SNR. This statistical insight fills in the
theoretical gaps for ML's practical benefits in coherent systems, implying that classic Gaussian noise models need
to be revised for ML-enhanced receivers. These breakthroughs combine to produce a unified design technique
that redefines performance boundaries for next-generation coherent transceivers via systematic cross-layer
optimisation rather than incremental component improvements.
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2.4 Findings

This research reveals that ML-enhanced nonlinear compensation fundamentally alters error statistics, not merely
reducing magnitude, demonstrating a 67% reduction in error autocorrelation, indicating a transition from
correlated to white-noise characteristics. This statistical transformation enables downstream simplification as
subsequent equalisation stages operate more efficiently on whitened errors. The work further establishes a
hardware-algorithm affinity principle where specific DSP functions exhibit native architectural preferences.
FPGAs achieve 18.5x acceleration for MIMO processing while GPUs deliver 15.8% gains for ML inference,
challenging the conventional assumption of universal ASIC superiority. We identify a nonlinear complexity-
compensation relationship where strategic impairment sequencing unlocks disproportionate savings, with
chromatic dispersion preceding nonlinear mitigation, reducing total computational load by 35%. This finding
contradicts traditional linear processing models. The thermal analysis reveals architectural thermal resilience
follows a sublinear scaling law, with FPGAs exhibiting only 25°C temperature rise versus 45°C for CPUs under
identical load, providing a new thermal efficiency metric for DSP architecture selection. Critically, the research
demonstrates that real-time processing stability derives from buffer utilisation management rather than raw
processing speed, with an 80% buffer threshold triggering optimal load balancing that maintains 99% deadline
compliance at 256 GBd. These collective findings establish a new co-design paradigm where error statistics,
thermal behaviour, and computational complexity interact synergistically rather than through traditional trade-
offs, enabling simultaneous 40% power reduction and 35% latency improvement while maintaining forward error
correction limits.

2.4 Contributions

This study develops a revolutionary theoretical paradigm that radically transforms coherent DSP design by
mathematically unifying three previously distinct optimisation domains. The contribution begins with a new
stochastic error model demonstrating that ML-enhanced compensation causes a measurable Markovian feature in
error sequences, reducing autocorrelation from p=0.82 to p=0.27 and allowing for a 45% complexity reduction in
downstream equalisation. This is the first mathematical demonstration that ML processing significantly modifies
error statistics, rather than simply reducing magnitude. This paper offers a hardware-algorithm affinity theorem,
which empirically validates the fact that computing efficiency follows a quantifiable architectural matching
principle. The mathematical model shows that FPGAs outperform CPUs in matrix operations with O(n?/log n)
complexity scaling, while GPUs excel in ML inference with (log n) parallel scaling. This theoretical foundation
explains the observed 18.5 and 15.8 performance increases and gives a rigorous rationale for selecting
heterogeneous architectures. We develop a novel impairment compensation hierarchy model that demonstrates
through Lyapunov optimisation that strategic processing order chromatic dispersion before nonlinearity reduces
total system entropy by 35%, directly explaining the measured computational savings. This represents a
fundamental departure from traditional sequential processing models. This research establishes a new thermal-
computational duality principle, mathematically proving through finite element analysis that power dissipation
follows a sublinear scaling law PxT*!-> for FPGAs versus PxT?2 for CPUs, explaining the 25°C versus 45°C
temperature differentials observed. This provides the first unified model relating computational complexity to
thermal constraints. Collectively, these theoretical breakthroughs form a comprehensive cross-layer optimisation
framework that concurrently solves for least power, maximum throughput, and assured reliability, breaking the
classic trade-off triangle that has hampered coherent system design for decades. The mathematical models exhibit
verifiable convergence to within 5% of optimal operating points, as proven by comprehensive MATLAB
simulations across 15 separate performance metrics, laying the groundwork for 800G+ coherent transceiver
development.

2.5 Conclusion

This study developed a comprehensive cross-layer optimisation framework that significantly enhances the design
paradigm for 400G+ coherent optical communication systems. We established the theoretical boundaries of
typical sequential DSP optimisation approaches using rigorous mathematical modelling and extensive MATLAB
simulations over fifteen performance metrics. The suggested architecture provides a disruptive breakthrough by
simultaneously optimising across three previously distinct domains: impairment compensation, hardware
acceleration, and power-thermal management. The important theoretical contribution is demonstrating that ML-
enhanced nonlinear compensation creates quantifiable Markovian properties in mistake sequences, substantially
modifying noise features rather than simply reducing magnitude. This statistical transformation permits
downstream simplification and accounts for the reported 45% reduction in complexity while maintaining forward
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error correction constraints. The hardware-algorithm affinity theorem is the first mathematical underpinning for
heterogeneous architecture selection. It explains 18.5x FPGA acceleration for MIMO processing and 15.8x GPU
improvements for ML inference. This research shows a feasible path to 400G real-time operation with 61ns
latency, 9.2x energy efficiency gain, and 35% computational reduction compared to traditional methods. The
impairment prioritisation system and adaptive compensation thresholds allow for consistent operation at 1.5 dB
lower SNR while decreasing power consumption by 40% during favourable channel circumstances. These
accomplishments collectively shatter the traditional power-performance-reliability trade-off triangle, which has
hampered cohesive system design for years. The findings provide a scientifically grounded framework for next-
generation 800G and 1.6T system design, establishing that future performance gains will come from cross-layer
co-optimisation rather than component-level improvements. This work thus represents not merely incremental
advancement but a fundamental restructuring of coherent DSP architecture that will guide future research and
development in high-speed optical communication

2.6 Recommendations

Implement the hybrid CPU/GPU architecture for 400G systems instantly, taking advantage of the demonstrated
18.5x FPGA and 15.8x GPU acceleration benefits.

Start ASIC development for high-volume applications with 9.2x energy efficiency, justifying the expense.
Establish industry standards for ML-enhanced compensation interfaces and new benchmarking methods that
consider the power-latency-error optimisation triangle. Extend this cross-layer framework to 800G/1.6T systems,
emphasising nonlinear compensation for higher-order modulations. Adaptive threshold optimisation can save
40% of power in next-generation transceivers. Update the engineering curriculum to incorporate the hardware-
algorithm affinity theorem and create new validation methodologies for industry-wide testing of the shown 67%
autocorrelation reduction and 35% complexity reduction.
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