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Abstract. The rapid development of low earth orbit (LEO) satellite communication networks imposes stringent
bandwidth, cost, and power consumption requirements. Conventional intradyne detection (ID) architectures
struggle with high Doppler frequency shifts (DFSs), necessitating excessive sampling rates and complex digital
signal processing (DSP), resulting in elevated power consumption. This study proposes an inter-satellite pola-
rization division multiplexing self-homodyne detection (PDM-SHD) architecture that compensates for DFSs in
the optical domain by co-transmitting a polarization-orthogonal carrier light. The proposed architecture could
achieve Nyquist sampling and half-quantization noise, leading to a 53.9% reduction in analog-to-digital converter
power consumption under 40 Gbps 16-QAM transmission with a 16 dB signal-to-noise ratio. By demodulating
I∕Q axis signals independently with real-valued single-input single-output (SISO) processing, it requires only
about 15% DSP complexity and achieves intensity-modulation and direct-detection comparable. SISO pro-
cessing also has the potential to transmit I and Q components from separate devices or satellites, enabling a
flexible satellite communication network. The results demonstrate that the proposed architecture achieves
detection sensitivities of −40.8 dBm for 80 Gbps quadrature phase-shift keying transmission and −33.0 dBm
for 160 Gbps 16-QAM transmission with Nyquist sampling, whereas the ID architecture can hardly work.
The proposed architecture effectively balances satellite power constraints with DSP computational demands for
high-speed mega-constellation communications.
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1 Introduction
Satellite communication networks, with their extensive global
coverage, are becoming indispensable in telecommunications,
emergency rescue, navigation, remote sensing, and other critical
fields.1 The deployment of low Earth orbit (LEO) satellite con-
stellations, combined with free-space optical inter-satellite links
(OISLs), has emerged as the dominant paradigm for achieving
seamless connectivity.2,3 Although advanced intensity modula-
tion and direct detection (IM/DD) systems show high potential
in terms of spectral efficiency and computational complexity,4,5

the high-power local oscillator (LO) in coherent detection en-
ables high sensitivity detection and precise digital filtering.6,7

As LEO constellations evolve into a pivotal component of
sixth-generation (6G) wireless systems,1 the adoption of high-
order modulation formats—such as quadrature phase-shift
keying (QPSK) and 16-quadrature amplitude modulation (16-
QAM)—alongside coherent detection, is widely regarded as
the optimal pathway for advancing next-generation satellite
communications.8,9

The limited orbital altitude restricts the coverage area of indi-
vidual LEO satellites, necessitating ultra-large-scale constella-
tions for global service continuity. For instance, the Starlink
project plans to deploy 42,000 satellites in its Gen2 system,10

imposing stringent constraints on per-satellite cost, weight,
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and power consumption. The inter-satellite communication ter-
minals are critical to meeting these specifications, with each sat-
ellite typically requiring three to four terminals to maintain
continuous connectivity. Within each terminal, the modem sub-
system constitutes the dominant power-consuming component,
accounting for up to 40 W of the 100 W total power budget.11

This subsystem is primarily comprised of analog-to-digital
converters (ADCs) and digital signal processing (DSP) chips.
Although state-of-the-art coherent transmitters with 7 nm appli-
cation-specific integrated circuit (ASIC) chips could achieve
high-speed communications at reduced power,12 their inherent
algorithmic redundancy presents significant opportunities for
further power optimization. Practically, engineering realities
dictate that to support each 100 W increase in power consump-
tion, satellites must accommodate 2 kg of batteries and 0.45 m2

of solar panels,13,14 thereby incurring a substantial increase in
launch costs exceeding $10,000.15 These constraints underscore
the urgent need for low-power consumption OISL technologies.

As the theoretical minimal alias-free sampling rate, Nyquist
sampling has long been a goal pursued by researchers to reduce
ADC power consumption and cost.16 In conventional intradyne
detection (ID) architectures, the frequency offset between the
separately generated LO and signal forces the ADC sampling
rate to exceed the sum of the symbol rate and frequency offset
to avoid aliasing.9 Appendix A analyzes the Doppler frequency
shift (DFS) of a satellite network17 as a case study (with a
580 km height and composed of 6 orbital planes with 58 sat-
ellites each), demonstrating that the DFS varies gradually
within a 7 GHz bandwidth, completing a full cycle roughly
every 43 min. Consequently, the substantial DFS in LEO sat-
ellite communications renders near-Nyquist sampling unfea-
sible with conventional ID architecture.8 For instance, a 10
Gbaud transmission in this network would require sampling
rates of>17 GSa∕s, causing ADC power consumption to surge
by 70%. This fundamental conflict between the DFS tolerance
and power efficiency severely challenges the viability of con-
ventional ID architecture designs in LEO applications.

Achieving Nyquist sampling necessitates precise LO to sig-
nal frequency alignment. Optical phase-locked loops (OPLLs)
offer a potential solution by enabling real-time LO tuning,18,19

but their implementation demands that the residual error of
the PLL be significantly less than the minimum phase angle
of the constellation diagram. This stringent requirement intro-
duces considerable precision and complexity into circuit design.
Differential phase-shift keying (DPSK) mitigates phase mis-
match by distributing the damage uniformly across symbols
through delayed differential detection and achieves IM/DD
comparable to DSP.20 This allows phase mismatch to be treated
as negligible additive noise. However, this differential process-
ing simultaneously induces the accumulation of untreated noise,
degrading detection sensitivity by over 3 dB. Self-homodyne
detection (SHD) architectures offer an alternative approach
by co-transmitting the LO and signal, and consequently mitigat-
ing the impact of frequency impairments, including DFSs, in the
optical domain.21 Owing to these inherent passive frequency im-
pairment compensation benefits, SHD architectures have been
extensively utilized in power-consumption-sensitive applica-
tions.22,23 Although Nyquist sampling fiber communication
employing SHD architectures has been realized,24 their direct
application in OISLs is hindered by the substantial link losses,
which preclude the direct utilization of the co-transmitted carrier
(LO) for detection at the receiver.25 To overcome this limitation,

optical injection locking (OIL) was employed at the receiver to
reconstruct the pilot.26,27 This reconstructed pilot is then gov-
erned by a PLL to maintain phase locking, an approach termed
optical injection PLL (OIPLL). Nevertheless, the feedback sig-
nal in OIPLL architectures is dependent on theQ-channel signal
from the 90 deg hybrid, intrinsically limiting its application
to binary frequency-shift keying (BPSK) modulation formats.
Achieving a balance between high-speed communication,
high-order modulation, and low power consumption remains
a significant challenge in existing works.

To address the exponentially growing communication de-
mands in LEO mega-constellations, we recently experimentally
demonstrated a polarization division multiplexing SHD (PDM-
SHD) architecture for the inter-satellite communications using
low-complexity DSP and Nyquist sampling.28 In this paper,
the equalization algorithm is further simplified from complex-
valued multiple-input multiple-output (MIMO) to a real-valued
single-input single-output (SISO) scheme, achieving only 15%
complexity compared with the conventional ID architecture. By
transmitting the signal and carrier in orthogonal polarization
states, the DFS impairment of OISL is passively compensated
in the optical domain, and the following key advantages are
achieved: (1) achieving Nyquist sampling as well as mitigating
effective number of bits (ENOB) penalty; (2) suppressing the
time-varying channel response of OISL, allowing for the appli-
cation of a constant tap equalizer; (3) decoupling the correlation
of I∕Q components to enable real-valued DSP with IM/DD
comparable complexity. Beyond these core advantages, this ar-
chitecture potentially enables independent I∕Q signal transmis-
sion with asynchronous clocks, heterogeneous rates, or distinct
modulation formats. This constitutes a systemic resolution to the
critical trade-off between satellite power constraints and DSP
computational demands in high-speed mega-constellation com-
munications.

2 PDM-SHD Architecture Using IM/DD
Comparable DSP

In coherent optical communication systems, power consump-
tion optimization presents critical challenges as ADCs and
DSP modules collectively account for over 70% of the total
power budget of reconfigurable modems. It is well established
that conventional ID architecture utilizes an independent LO,
typically an external cavity laser (ECL), to extract phase and
intensity information. By contrast, the SHD scheme transmits
a pilot carrier through the orthogonal polarization state of the
signal, as shown in Fig. 1(a). A carrier recovery module com-
pensates for power loss induced by the free-space optical path.
In OISLs, orthogonal circular polarizations can be used to trans-
mit the signal and carrier,29 which ensures that relative satellite
rotation does not alter the polarization angle. Combined with
the vacuum link, which prevents polarization degradation, the
receiver can then separate signal and carrier using a simple
polarization beam splitter (PBS).

The structural divergence leads to distinct impairment
compensation requirements. ID architecture necessitates com-
prehensive DSP-based compensation for dynamic channel
impairments, especially for DFSs and phase noise due to its
fixed-wavelength LO implementation. Conversely, the SHD
architecture passively mitigates these impairments through the
co-transmission of signal and pilot components. As both com-
ponents experience identical channel conditions, their phase
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noise and DFSs compensate themselves in the optical domain
before detection. This optical-domain impairment compensation
fundamentally decouples the I∕Q coordinate dependencies
before DSP. The simplification enables two paradigm-shifting
advancements: (1) realization of Nyquist (1-sample per symbol)
sampling and (2) enabling real-valued SISO-DSP algorithms.
Figures 1(b)–1(d) illustrate the comparative frequency domain
signal spectrum and on-chip workflows between conventional
ID and SHD coherent schemes. A detailed comparative analysis
of ASIC chip optimization between these architectures will
follow.

2.1 Nyquist Sampling ADCs

Under identical ADC architectures and manufacturing processes,
the power consumption model of an ADC follows PADC ¼
FOMW · fs · 2b, governed by linear proportionality to sampling
rate fs and exponential dependence on number of bits b, where
Walden’s figure of merit (FOM) quantifies ADC power effi-
ciency.30 The SHD structure inherently enables Nyquist sampling
communication while simultaneously relaxing ENOB penalty
compared with ID architectures.

According to the Nyquist–Shannon theorem, alias-free signal
acquisition mandates a sampling rate greater than twice the signal
bandwidth. As illustrated in Figs. 1(b) and 1(d), the presence of
DFS (Δf) between signal and LO necessitates sampling rates ex-
ceeding 2Δf to fully capture spectral information. Conversely,
the SHD architecture passively compensates Doppler impair-
ments through co-transmission of signal and pilot carriers, as both
components experience identical channel-induced DFSs. This
passive compensation mechanism at the coherent detection stage
enables the realization of high-speed optical communication sys-
tems operating at the theoretical minimum alias-free sampling
rate of 1 sample per symbol (Nyquist sampling).

Subfigures within Fig. 2 compare constellation characteris-
tics of ID versus SHD coherent receivers. ID architecture exhib-
its rapid constellation rotation due to uncompensated DFS
between signal and LO, whereas SHD maintains stationary
points. Assuming uniform signal distribution across quantiza-
tion intervals, DFS-induced rotation in ID systems amplifies
maximum I∕Q component amplitudes by a factor of

ffiffiffi
2

p
relative

to SHD. The quantization noise equivalent model gives Pq ¼
1
12
·

V2
FS

4ENOB
, where Pq denotes the quantization noise and VFS is

the full-scale signal amplitude.31 Given equals the maximum
amplitude at sampling points, SHD architecture reduces system
quantization noise by 50%, thereby providing ENOB design
margin. Figure 2 quantifies the Q-factor penalty versus
ENOB for both architectures at a simulated 16 dB SNR. The
0.35-bit quantization noise equivalence indicates ID systems
require 5.45-bit resolution to match 5.10-bit SHD architec-
ture performance under 0.2 dB Q factor loss, with QðdBÞ ¼
20 log½ ffiffiffi

2
p

erfcð2 · BERÞ�, where erfcðÞ is the Gauss error func-
tion and BER is the bit error rate. It should be noted that this
result specifically reflects the ENOB design margin for SHD
architecture under 16-QAM modulation at a 16 dB SNR.
Altering modulation format, SNR, or Q-loss threshold will
modify the ENOB design margin.

Considering a �3.5 GHz DFS scenario (as calculated in
Appendix A) in a 10 GBaud 16-QAM modulated system, this
fundamental difference imposes critical implementation con-
straints. ID architectures necessitate ≥17GSa∕s sampling rate
to satisfy Nyquist criteria for DFS-containing signals, whereas
SHD systems can achieve Nyquist sampling at 10 GSa∕s.
Even when both architectures are operating at their minimum
sampling rates, the combined effects of reduced sampling rate
(10 versus 17 GSa∕s) and half-quantification noise enable ho-
modyne receivers to achieve 10

17
× 25.10

25.45
≈ 46.1% remaining ADC

power consumption compared with the ID architecture.

Fig. 2 Simulated Q-factor penalty versus ENOB for ID and SHD
architectures under a 16 dB signal-to-noise ratio (SNR).

Fig. 1 (a) PDM-SHD diagram for the bi-directional optical inter-satellite communication link;
(b) ID architecture ADC bandwidth limitation; (c) ID architecture Rx chip workflows; (d) PDM-SHD
architecture ADC bandwidth limitation; (e) PDM-SHD architecture Rx chip workflows.
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2.2 IM/DD Comparable SISO DSP

DSP represents another major power consumption component
in the receiver chips. As shown in Fig. 1(c), signal impairment
compensation requires multiple complex-domain algorithms in
conventional ID architectures: (a) clock recovery, (b) adaptive
equalization, (c) DFS compensation, and (d) phase noise mit-
igation. Crucially, the sequential placement of DFS and phase
noise compensation at the DSP chain’s terminal stage—man-
dated by their need for minimally distorted signals—forces all
preceding algorithms to operate on phase-impaired data,
necessitating complex field computations through the entire
workflow. By contrast, SHD architecture fundamentally ad-
dresses this limitation by establishing a fixed phase relationship
between the signal and carrier. This facilitates two critical sim-
plifications: (a) decomposition of complex field operations
into dual real-valued signal processing, and (b) elimination
of the DFS and phase noise compensation DSP modules.
Consequently, as shown in Fig. 1(e), the optimized DSP work-
flow retains only two essential algorithms: Nyquist sampling
clock recovery and real-valued SISO equalization. It should
also be noted that DSP power consumption also scales linearly
with sampling rates, underscoring the direct power-saving ben-
efits of Nyquist sampling.

2.2.1 Nyquist sampling recovery

Nyquist sampled systems impose stringent requirements on
transmitter-side pulse shaping, necessitating the use of minimal
roll-off factor (α → 0) filters to suppress spectral spreading and
prevent aliasing artifacts. This introduces a fundamental incom-
patibility with the Gardner clock recovery algorithm,32 the pre-
dominant algorithm in ID fiber-optic systems. The Gardner
algorithm depends on analyzing waveform transitions between
adjacent symbols, requiring (a) sufficient excess bandwidth (typ-
ically α ≥ 0.15) to preserve waveform edges and (b) 2-SPS sam-
pling to capture transition details. These conditions render the
Gardner algorithm inherently unsuitable for the Nyquist sampled
systems with ultra-low roll-off factors (α ≤ 0.05).

By contrast, the Mueller–Muller (M–M) algorithm offers an
alternative by deriving error estimates from inter-symbol inter-
ference (ISI) analysis.33 Its error function models each symbol

as an impulse response, quantifying ISI leakage between adja-
cent symbols, written as

�
eIðkÞ ¼ sign½IðkÞ� · Iðk − 1Þ − sign½Iðk − 1Þ� · IðkÞ
eQðkÞ ¼ sign½QðkÞ� ·Qðk − 1Þ − sign½Qðk − 1Þ� ·QðkÞ ; ð1Þ

where eIðkÞ and eQðkÞ are the cost function results for the kth
symbol and signðÞ is the sign operation. Notably, this ap-
proach exhibits improved performance with decreasing roll-
off factors, rendering it well-suited for Nyquist sampled
systems. Comparisons of S-curve characteristics for both algo-
rithms, under varying α with QPSK modulation, are presented
in Fig. 3(a). The results show that the M–M algorithm achieves
optimal timing sensitivity at α ¼ 0.01, whereas the Gardner
algorithm fails to converge under identical conditions.

Equation (1) also demonstrates that the error functions of I
and Q components in the Muller clock recovery algorithm are
independently computed without overlapping. This separation
gives the ability to conduct timing recovery for entirely unre-
lated I and Q signals without mutual interference. However,
it renders the M–M clock recovery sensitive to phase rotations.
As illustrated in Fig. 3(b), significant S-curve distortion arises in
the presence of DFS or phase noise. This limitation can be easily
overcome in SHD architectures, where optical-domain compen-
sation of frequency and phase impairments establishes phase-
stable conditions that satisfy the M–M algorithm’s operational
requirements. This advancement is a key enabler for adopting
the M–M algorithm in next-generation coherent OISLs.

2.2.2 Real-valued & constant coefficient SISO equalizer

In contrast to the dynamically varying polarization states in
fiber-optic communications, inter-satellite communications uti-
lize circular polarization to eliminate the need for adaptive
polarization adjustment.29 However, residual ISI remains due
to hardware imperfections and bandwidth constraints, necessi-
tating equalization algorithms to compensate. The unique
orbital dynamics of satellite communication result in quasi-
static channel conditions: once established, satellite links main-
tain stable connections with optical-domain DFS compensation,
eliminating the only time-varying impairments. This stability

(a) (b)

Fig. 3 Under QPSK modulation (a) S-curve characteristics for the Gardner and M–M clock recov-
ery algorithms, under varying α; (b) S-curve characteristics for the M–M clock recovery algorithm,
with or without FO.

Chen et al.: Homodyne coherent inter-satellite communications with IM/DD comparable DSP

Advanced Photonics Nexus 056010-4 Sep∕Oct 2025 • Vol. 4(5)



enables a hybrid equalization strategy. During initial link setup,
feed-forward equalizers, such as decision-directed (DD) equal-
izers, are employed to adaptively optimize the finite impulse
response (FIR) coefficients of the ISI compensation filter.
Subsequently, the feedback loop can be disconnected, and
the optimized FIR filter is used until link termination, realizing
the constant tap equalizer.

In ID architectures, rapid phase rotation requires simultaneous
complex field equalization on both I∕Q components, necessitat-
ing 4N real multiplications per FIR tap. Conversely, the I∕Q
decoupling in SHD architecture allows for independent I∕Q
real-valued equalization, reducing the computational demand
to 2N real multiplications per tap. This dual advantage—constant
tap and SISO equalization positions SHD architectures as the
optimal solution for power-constrained spaceborne systems.

2.3 Complexity Analysis

The proposed SISO DSP architecture for the SHD system is
fundamentally simplified through its independent real-domain
computation of I and Q components. This approach enables
independent demodulation of I and Q signals, capitalizing on
the inherent decorrelation between orthogonal axes in SHD sys-
tems. By decoupling the I and Q axes in coherent detection,
the architecture effectively transforms the process into two in-
dependent direct detection processes. As a result, established
IM/DD DSP algorithms, including M–M clock recovery34 and
DD equalization,35 are directly applicable to SHD systems. On
the other hand, this design also supports the transmission of in-
dependent signals on the I and Q axes, potentially allowing sig-
nals with different rates, SNRs, and modulation formats from
separate devices. This capability is well-articulated and high-
lights the architecture’s flexibility and efficiency.

Under the Nyquist sampling assumption, Tables 1 and 2
(with detailed derivations in Appendix C) quantify the compu-
tational requirements for ID, SHD, and IM/DD architectures
using fundamental algorithms with baseline optimizations.
Considering an analysis based on 25-tap equalizer imple-
mentation, it reveals that conventional DSP requires 377
multiplications and 310 additions per symbol. By contrast,

the proposed constant tap SISO DSP for the SHD architecture
reduces computational complexity to 52 multiplications and
51 additions per symbol. This results in only 13.8% multipli-
cations and 16.3% additions required for the SHD architecture
compared with ID architecture. Notably, manufacturer-specific
optimizations are excluded from this comparative framework to
account for implementation heterogeneity.

3 Experimental Setup
Figure 4 illustrates the experimental configuration and DSP
flow of the proposed PDM-SHD architecture utilizing constant
tap SISO DSP. The transmitter employs a tunable ECL as the
light source, with adjustable simulated DFSs. A polarization-
maintaining 95:5 coupler divides the light into signal and carrier
paths. The signal path uses a 60 GHz integrated IQ modulator,
driven by a 90 GSa∕s arbitrary waveform generator (AWG), to
modulate a single-polarization signal at 10/20/40 GBaud with
QPSK or 16-QAM formats. The carrier path incorporates a
polarization-maintaining variable optical attenuator (PM-VOA)
to precisely control CSPR according to the signal power. After
recombination via a polarization beam combiner (PBC), the
composite signal is amplified to 20 dBm using a single-mode
erbium-doped fiber amplifier (EDFA).

Table 1 Real multiplier usage comparison for ID and SHD communication structures.

Clock
recovery

D-D
equalization

DFS
compensation

PN
compensation Total

ID 4 Adaptive: 14N 13 10 Adaptive: 27þ 14N

Constant: 4N Constant: 27þ 4N

SHD IM/DD 2 Adaptive: 10N N/A N/A Adaptive: 2þ 10N

Constant: 2N Constant: 2þ 2N

Table 2 Real adder usage comparison for ID and SHD communication structures.

Clock
recovery

D-D
equalization

DFS
compensation

PN
compensation Total

ID 6 Adaptive: 12N-1 4 4 Adaptive: 10þ 12N

Constant: 4N-1 Constant: 10þ 4N

SHD IM/DD 2 Adaptive: 8N-1 N/A N/A Adaptive: 2þ 8N

Constant: 2N-1 Constant: 1þ 2N

Fig. 4 Experimental diagram of the proposed PDM-SHD system
and corresponding DSP flow.
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The inter-satellite path is emulated with a 170 m free-space
optical (FSO) link and a programmable VOA. The FSO link
consists of a fiber circulator, a collimator, and a corner cube ret-
roreflector (CCR) under hallway conditions. The optical power
received is ∼8 dBm, with a programmable VOA simulating
inter-satellite attenuation. This transmit-receive co-aperture
setup serves laboratory verification simplicity, whereas actual
OISLs normally employ separate antennas to avoid crosstalk
from circulator isolation limitations. A pre-EDFA then amplifies
the signal along with a 0.6 nm filter to suppress amplified spon-
taneous emission (ASE) noise. A polarization controller (PC)
compensates for polarization rotation induced by the pre-
EDFA and interconnecting single-mode fibers, which is unnec-
essary in actual OISLs because the circularly polarized vacuum
transmission will maintain inherent polarization stability.

Following amplification, a PBS separates the carrier and
signal components. The carrier recovery subsystem employs
an innovative optical injection-locking architecture using an
isolator-free distributed feedback (DFB) laser,36,37 stabilized
with an input power of −11 dBm and an output power of
13 dBm. This master-slave phase synchronization operates via
frequency pulling: when the master laser’s (carrier pilot) emis-
sion frequency falls within the capture range of the injection
locking laser’s (IL-DFB) free-running frequency, it achieves

carrier reconstruction. A 9 GHz fiber Bragg grating (FBG)
provides fine filtering for LO light for its limited bandwidth
requirement. Optical-domain DFS compensation requires high
correlation between signal and carrier, achieved through similar
optical path lengths. A variable optical delay line (VODL) en-
sures path length synchronization with <10 cm precision, com-
pensating for differential propagation delays between signal and
LO paths. The SHD detection chain includes a 40 GHz inte-
grated coherent receiver (ICR) and a digital storage oscilloscope
(DSO), configured for symbol-synchronous sampling at pro-
grammable rates (10∕20∕40 GSa∕s). To facilitate direct per-
formance comparison with conventional ID architectures, the
IL-DFB can be replaced by a duplicate ECL, selectively acti-
vated to realize comparison between ID and SHD architectures.

In the transmitter DSP, a raised cosine (RC) filter with a 0.01
roll-off factor is implemented to mitigate signal aliasing artifacts.
The receiver DSP, constrained by the limitation of Nyquist sam-
pling, precludes digital filtering implementations. In practice, a
slight phase change arises between the signal and carrier paths
due to fiber-induced mechanical vibrations and receiver fiber
length mismatch (as detailed in Appendix B). For laboratory val-
idation, a global phase rotation is applied to each captured signal
segment (20 μs duration) prior to DSP processing to compensate
for these phase changes. The timing recovery algorithms for
ID and SHD architectures are the Gardner and M–M algori-
thms, respectively, with cubic Lagrange interpolation for data
resampling, whereas the equalization algorithm for both is DD
equalization.38 Subsequent performance evaluation utilizes our
proposed DSP framework, comparing: (1) conventional MIMO
versus SISO signal processing implementations; (2) constant ver-
sus adaptive coefficient equalization strategies; and (3) SHD ver-
sus ID algorithms.

4 Results and Discussion
Under PDM-SHD architecture, Fig. 5 presents constellation
diagrams and corresponding SNR for 40 Gbps QPSK and
80 Gbps 16-QAM signals under optimal processing conditions
(including sufficient ENOB, extended number of equalization
taps, and optimized clock recovery), with non-equalization, con-
ventional MIMO equalization, and proposed SISO equalization,
respectively. At received powers of −37.8 dBm (QPSK) and
−29.8 dBm (16-QAM), the equalization process yields SNR
improvements of about 1.6 and 3.9 dB, respectively. This diver-
gence arises from the higher SNR requirement of the 16-QAM
format. The fundamental difference between SISO and MIMO
equalization lies in their impairment compensation mechanisms.
As shown in the eye diagrams in Fig. 6, SISO equalization

Fig. 5. Constellation diagrams and corresponding SNR metrics
for 40 Gbps QPSK (−37.8 dBm) and 80 Gbps 16-QAM
(−29.8 dBm) signals, with no equalization, complex equalization,
and real equalization.

Fig. 6 Pre-equalization and post-equalization eye diagrams for 40 Gbps QPSK (−37.8 dBm)
and 80 Gbps 16-QAM (−29.8 dBm) signals using a SISO equalizer.
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processes the I and Q axes independently, whereas MIMO
equalization leverages the joint optical field magnitude
E ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
I2 þQ2

p
, for unified compensation. Inevitable system

asymmetries in practical manufacturing could include axis-
specific impairments because of the unequal gain or bandwidth
in transimpedance amplifiers (TIAs), data converters (ADCs/
DACs), or any I∕Q components. These asymmetries lead to
slight differences in I∕Q frequency response, resulting in im-
proved performance when the I and Q paths are processed with
independent equalizers. Consequently, measurable SNR differ-
ences of 0.04 dB (QPSK) and 0.22 dB (16-QAM) are observed
between the two equalization methods.

As discussed in Tables 1 and 2, the number of taps for equal-
izer significantly influences the DSP complexity. Figure 7 illus-
trates the relationship between tap requirements and Q-factor
degradation for both SISO and MIMO equalizers across
QPSK (−43.4 dBm) and 16-QAM (−36.8 dBm) systems under
varying symbol rates. The results show that higher symbol rates
require progressively more taps to compensate for equivalent ISI
durations: QPSK systems require 16, 19, and 28 taps at 10, 20,
and 40 Gbaud, respectively, whereas 16-QAM systems require
28, 45, and 92 taps under the same 0.1 dB Q-factor penalty
threshold. The increase for 16-QAM arises from the greater sen-
sitivity to residual linear impairments of advanced modulation
formats compared with QPSK. In the experiment, both equal-
izers are based on the adaptive step-size DD equalizer, which
introduces penalty jump as the number of taps increases.
Increased tap numbers yield diminished residue error on the
cost function of the equalizer, which subsequently reduces
adaptation step sizes, resulting in abrupt Q-penalty transitions,
especially for the 16-QAM curves. The result also shows that
the SNR gain produced by the SISO equalizer in Fig. 7 is similar
to that shown in Fig. 5, corroborating the SNR advantage of
SISO equalization over the MIMO equalization algorithm.

Figures 5–7 utilize adaptive equalizers, with the FIR filter
trained independently based on the respective data. Theoretically,
given that equalizers are designed to primarily mitigate linear
channel impairments rather than ASE noise and non-linear dis-
tortions, the training process should produce consistent results
across varying power levels. Figures 8(a) and 8(b) compare

the equalizer performance between adaptive and constant equal-
izers based on the BER versus ROP curves. The constant coef-
ficient equalizers were trained at an ROP level when the BER
was slightly over the 3.8 × 10−3 hard decision-forward error cor-
rection (HD-FEC) threshold to ensure the stability of such an
equalizer. The output FIR filter was then applied to the dataset
using identical modulation formats, symbol rates, and equaliza-
tion approaches (SISO orMIMO). The results show that employ-
ing constant coefficient equalizers instead of adaptive equalizers
introduces a marginal performance penalty of ∼0.1 dB in prox-
imity to the FEC threshold. This negligible performance degra-
dation is deemed highly cost-effective, particularly when
considering using only about 15% computational resources in
the DSP process. The reduction in complexity is primarily attrib-
uted to the elimination of adaptive filter coefficient updates while
maintaining the same number of taps for the linear convolution
operation.

Figures 8(c) and 8(d) illustrate the performance differences
between the signals on the I and Q axes as the ROP, transmis-
sion rate, and modulation format change. The Q-difference is
calculated by subtracting the Q-factor corresponding to the
I∕Q independent Q-factor from the mean BER. The results
demonstrate that the proposed SISO-DSP can achieve com-
pletely independent demodulation of the I and Q axis signals.
The average Q-differences are ∼0.08 dB for the QPSK signal
and 0.2 dB for the 16-QAM signal. The consistent I-channel
superiority over Q-channel (Figs. 5–8) indicates transmitter-
originated impairment rather than receiver limitations, as
receiver-induced disparities would exhibit dependency on vibra-
tion-induced phase change. This fundamental transmitter asym-
metry explains the SISO equalizer performance advantage over
MIMO equalization. Crucially, even when I∕Q channels main-
tain matched BER despite divergent noise spectra and frequency
responses, SISO maintains superiority through channel-specific
optimization, a phenomenon extending beyond the observed
Q-difference metric.

In addition to ROP changing, the relative motion of satellites
also introduces DFS variations for OISLs. Figures 9(a) and 9(b)
depict the Q-factor variations for 40 Gbps QPSK (−41.2 dBm)
and 80 Gbps 16-QAM (−35.0 dBm) modulation formats,

Fig. 7 Number of taps requirements versus Q-factor penalty for both SISO and MIMO equalizers
across (a) QPSK (−43.4 dBm) and (b) 16-QAM (−36.8 dBm) signals.
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respectively, as the simulated DFS is swept from −8 to þ8 GHz
by tuning the transmitter laser wavelength. Figure 9(c) illustrates
the regenerated carrier spectrum at the receiver and the transmis-
sion spectrum of the FBG filter. The results show stable perfor-
mance on both modulation formats across a significant DFS
range. Specifically, QPSK exhibits a Q-factor penalty of 0.2 dB
over a 4 GHz DFS range, whereas 16-QAM sustains the same
penalty over a 6 GHz range. Relaxing the Q-factor penalty
threshold to 0.5 dB extends the operational DFS range to −4
to þ3 GHz for both formats, achieving the 7 GHz DFS tuning
range required for the OISL. This asymmetric DFS tolerance
arises from the asymmetric locking range between the master
and slave lasers for OIL,36 which locks more readily at negative
than positive frequency shift. As shown in Fig. 9(c), the noise
floor of the carrier recovery spectrum at þ4 GHz DFS after
OIL is ∼7.5 dB higher than that at zero DFS. This elevated noise
results in performance penalties of 2.6 dB for QPSK and 1.1 dB
for 16-QAM. Counterintuitively, QPSK shows a larger Q-factor
loss to DFS impairments than 16-QAM. This occurs because the
frequency offset tolerance of OIL-based carrier recovery de-
creases with lower injection power, and QPSK, operating at re-
duced power levels, makes the carrier recovery process more
susceptible to DFS-induced degradation. It should be noted that
although the behavior of individual OIL lasers depends on de-
vice-specific parameters, their maximum locking ranges uni-
versally scale with injected optical power. Consequently, a
larger locking range can be established by increasing the pre-
amplifier gain.

The fundamental requirement for employing a constant-tap
equalizer is the maintenance of time-invariant channel impulse
responses. However, the channel response and corresponding
equalization filter would change with the sampling time, leading

Fig. 8 BER versus ROP characteristics for both adaptive and constant equalizers across
(a) QPSK and (b) 16-QAM signals; Performance differences between the signals on the I and
Q axes across (c) QPSK and (d) 16-QAM signals.

Fig. 9 Q-factor versus DFS for (a) 40 Gbps QPSK (−41.2 dBm)
and (b) 80 Gbps 16-QAM (−35.0 dBm)modulation formats; (c) re-
generated carrier spectrum after filtering.
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to the requirement of a precise clock recovery as discussed in
Sec. 2.2.1. Figure 10 shows the impact of residue clock errors on
equalizer performance, specifically analyzing SISO and MIMO
equalizers with a constant-tap configuration only as adaptive
equalizers can compensate for the timing-error-induced ISI
adaptively. Both SISO and MIMO equalization algorithms
exhibit rapid performance degradation as clock skew increases,
with identical degradation trends observed for each. Positive and
negative clock skews produce equivalent effects on equalizer
performance, showing symmetrical trends around zero skew.
The clock skew tolerance of the QPSK modulation format ex-
ceeds that of 16-QAM, with tolerances corresponding to the
0.2 dB Q-factor penalty thresholds of �4.3% and �2.3%, re-
spectively.

For 20 GBaud synchronized QPSK and 16-QAM signals,
Fig. 11 presents recovery outcomes using 20-μs data captures
under varying SNR conditions. As it is difficult to establish a
hardware-based voltage-controlled oscillator (VCO) clock
tracking with offline DSO, cubic Lagrange interpolation for data
resampling and a PID controller for optimal delay search/tracking

instead. The PID controller achieves clock locking within 3 μs
for both modulations. Although the clock recovers, lower-SNR
signals exhibit greater timing jitter due to signal noise. However,
although corresponding BER values [Figs. 11(c) and 11(d)]
remain larger than the HD-FEC threshold, residual clock errors
could be measured below �1.5% (QPSK) and �2.1% (16-
QAM), confirming the algorithm’s robust tracking capability
despite implementation constraints.

The SHD architecture simultaneously transmits both carrier
and signal to the receiver. However, a high CSPR can lead to
signal power loss under constraints of received ROP, whereas a
low CSPR may introduce noise during LO regeneration. Thus,
the CSPR parameter needs to be optimized, as shown in
Fig. 12. The results indicate that optimal CSPR values are
−1 dB at 10 GBaud, −2 dB at 20 GBaud, and −3 dB at
40 GBaud for each respective symbol rate, applicable to both
QPSK and 16-QAM modulation formats. These identified
CSPR settings were consistently applied across all experimen-
tal tests in this study. Notably, optimal CSPR depends critically
on carrier recovery noise levels, varying with different OIL

Fig. 10 Impact of clock recovery errors on constant-tap equalizers under (a) QPSK (−41.2 dBm,
40 Gbps) and (b) 16-QAM modulation (−36.7 dBm, 80 Gbps) formats.

Fig.11 Recovery outcomes using 20-μs data captures with (a) QPSK format when BER =
2 × 10−5; (b) 16-QAM format when BER = 3 × 10−5; (c) QPSK format when BER ≈ 6 × 10−3;
(d) 16-QAM format when BER ≈ 5 × 10−3.
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configurations, pre-amplifier settings, and FBG implemen-
tations.

Figure 13 illustrates the influence of ROP on BER across
different baud rates and modulation formats under the DFS
distortion of −2, −3, and −4 GHz using Nyquist sampling,
with ID or SHD architecture. For SHD links, the proposed
simplest DSP with a constant tap SISO equalizer is employed.
By contrast, the ID DSP initially performs manual pre-com-
pensation for DFSs, as conventional blind frequency offset re-
covery algorithms are not applicable to such significant DFS
distortion. In addition, as Nyquist clock recovery is also un-
achievable in the presence of DFS and phase noise, physical
clock attachment and adaptive equalization were employed
during ID transmission. Despite the use of a complex algo-
rithm and advanced information, the ID receiver still can’t
achieve the HD-FEC threshold under most conditions. This
limitation arises from the DFS part of the signal spectrum be-
yond the ADC sampling range, resulting in spectral truncation

by the anti-aliasing filter, as detailed in the subfigures.
Conversely, the proposed PDM-SHD architecture exhibits re-
markable stability across most conditions, with its perfor-
mance remaining unaffected by DFSs for all tested 16-QAM
conditions and the 80 Gbps QPSK conditions. At 20 and
40 Gbps QPSK conditions, a 4 GHz DFS induces sensitivity
losses of ∼1.5 and 0.8 dB, respectively, primarily due to re-
duced power at the carrier regeneration module. This could
potentially be mitigated through optimized CSPR selection
or enhanced OIL modules. Recent proposals of OIL with sen-
sitivities below −80 dBm suggest that OIL performance is not
a fundamental constraint for the PDM-SHD architecture.39

For the QPSK modulation, receiver sensitivities at the HD-
FEC threshold for 20, 40, and 80 Gbps transmission links
are −44.9, −43.2, and −40.8 dBm, respectively. Similarly,
for the 16-QAM modulation format, receiver sensitivities for
40, 80, and 160 Gbps transmission links are −38.2, −36.1,
and −33.0 dBm, respectively.

Fig. 12 Impact of CSPR onQ-factor results under (a) QPSK and (b) 16-QAMmodulation formats.

Fig. 13 Influence of ROP on BER across (a) 20 Gbps QPSK, (b) 40 Gbps QPSK, (c) 80 Gbps
QPSK, (d) 40 Gbps 16-QAM, (e) 80 Gbps 16-QAM, and (f) 160 Gbps 16-QAM conditions under the
DFS distortion of −2, −3, and −4 GHz using Nyquist sampling.
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5 Conclusion
Given the stringent bandwidth and power consumption con-
straints of LEOOISLs, a low-complexity PDM-SHD architecture
is experimentally demonstrated. By co-transmitting a low-power
carrier, DFS impairments are compensated in the optical domain,
enabling Nyquist sampling and IM/DD comparable signal
processing. Compared with the conventional ID configuration,
the PDM-SHD architecture requires only 46.1% ADC power
consumption (40 Gbps 16-QAM) and about 15% DSP compu-
tation. Experimental results indicate that the proposed architec-
ture exhibits robust performance across 7 GHz DFS distortion
and ROP variations.

In the experiment, the phase rotation primarily originates
from unavoidable mechanical vibrations in the devices’ fiber
pigtails under laboratory conditions, necessitating digital frame
phase pre-compensation before the real-valued SISO DSP.
It can alternatively be mitigated using integrated photonic de-
vices or low-speed phase tracking devices. With DFS and phase
impairments compensated in the optical domain, the I and Q
axis signals are fully decoupled, indicating that the PDM-
SHD architecture has the potential to transmit I and Q signals
independently, even with differing clocks, SNRs, or modulation
formats. This capability allows I andQ signals to originate from
different devices or satellites, significantly optimizing satellite
interconnection networks. The SISO DSP comprises only a
clock recovery algorithm and SISO equalization, optimized
for Nyquist sampling. Its complexity aligns with that of an
IM/DD system, merging the high speed and sensitivity of
coherent communication with the low complexity of IM/DD
communication.

Although pilot carrier occupation of a polarization dimension
precludes polarization multiplexing of data channels, the PDM-
SHD architecture maintains fundamental WDM compatibility.
This enables bandwidth expansion through wavelength-level
system replication or employs optical frequency combs to fur-
ther reduce carrier spectral efficiency loss.40 Although the trans-
mission of a pilot carrier would increase transmitter power
consumption, the power savings substantially outweigh the as-
sociated overhead. Contemporary LEO constellations feature
satellite spacings of only 1000 to 1500 km, which enables
the emission optical power reduction from >2 W to ∼100 mW,
whereas carrier transmission adds <1 W overhead, considering
a 10% EDFA efficiency. Comparative analysis of contemporary
200 Gbps modules reveals stark efficiency differences: IM/DD
consumes 1.5 W41 versus 19 W42 for coherent detection. This
tenfold difference primarily originates from simplified IM/
DD DSP. Consequently, despite pilot transmission overhead,
SHD achieves substantial net power savings in LEO crosslinks,
establishing a practical technical framework for future OISLs.

6 Appendix A: Analysis of Practical DFSs
in OISLs

During transmission, the relative motion between transmitter
and receiver induces a frequency shift in the signal, known
as DFSs. In LEO OISLs, this DFS causes the laser frequency
shift to vary continuously as the satellites move. Given the
low orbital altitudes and high velocities of LEO satellites,
DFSs can significantly impair inter-satellite communication
links.8,43 Considering DFSs, the received signal can be repre-
sented in the frequency domain as

fRX ¼ fTX
1 − ðuRX∕cÞ cos θRX
1 − ðuTX∕cÞ cos θTX

; (2)

where fTX and fRX are the frequency domain signal at the trans-
mitter and receiver, uTX and uRX are the speed of the two sat-
ellites, θTX and θRX are the angles between the established link
and the movement direction of the satellite with the transmitter
and receiver, and c is the speed of light.

LEO satellites are typically part of satellite constellations,
with each satellite establishing communication links with only
3 to 5 neighboring satellites instead of the whole constellation.
Consequently, satellite constellations must be considered when
calculating DFSs. For theWalker constellation9,43,44 consisting of
N satellites distributed across P orbital planes, each plane is
populated with S ¼ N∕P satellites. The phase factor F controls
the relative angular offset between satellites in adjacent planes
and θ controls the inclination of orbital planes. Position vector
for the kth satellite in the ith orbit can be expressed as

xik ¼ −R cos θ sin ψ sin φþ R cos ψ cos φyik

¼ R cos θ cos ψ sin φþ R sin ψ cos φzik

¼ R sin θ sin φ; (3)

where

ψ ¼ 2π
i
P
;φ ¼ ωtþ 2π

�
k
S
þ iF

PS

�
;

and R ¼ Rearth þH is the distance between the satellite and the
earth center with Rearth ≈ 6371 km as the Earth’s radius and H
as the orbital height. ω is the angular velocity of a satellite with
ω ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
GM∕R3

p
, where GM ≈ 3.9857 × 1014 m3∕s2.

For the communication link established between two satel-
lites occupying the same orbit, the DFS does not exist because
they do not undergo relative displacement. Here, we only focus
exclusively on situations where a communication link is estab-
lished with the kth satellite of a nearby orbit. The DFS is
given by

Δf ¼ −fTX ·
c
ωR

·

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a cosð2ωtþ ξÞ þ b

p
a sinð2ωtþ ξÞ ; (4)

where

ξ ¼ 2πF
PS

; χ ¼ 2π

P
;

a ¼ sin2 θð1 − cos χÞ;
b ¼ 2 cos θ sin κ sin ξ

− ðsin2 θ − sin2 θ cos χ þ 2 cos χÞ cos ξþ 2: (5)

Referring to a communication satellite constellation configu-
ration,17 Fig. 14 shows the DFS for satellites within a constel-
lation defined by the following parameters: H ¼ 560 km,
P ¼ 6, S ¼ 58, F ¼ 3, and θ ¼ 70 deg, whereas the satellite
orbits the Earth every 42 min. The two satellites engaged in
communication both commence from the ascending node of
their respective orbits. Each orbit around the Earth results in
two cycles of variations in DFS impairment, with the maximum
shift of �3.52 GHz.
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7 Appendix B: Dynamic DFS-Induced
Phase Change

In the ideal SHD reception, the carrier and signal originate
simultaneously from the same laser, establishing perfectly stable
phase coherence. However, the practical demonstration proc-
esses induce distinct optical paths for signal and carrier, which
length difference causes the signal and LO to correspond to non-
simultaneous DFS timestamps. When rapid laser frequency drift
occurs, the resultant phase discrepancy is expressed as

Δν ¼ nΔL
c

· Δf0; (6)

whereΔν denotes the residual frequency shift between the signal
and the carrier, c is the light speed, and Δf0 is the DFS shifting
rate. This causes a phase change between the signal and carrier

Δφ ¼ 2π

Z
t

0

ΔνðτÞdτ ¼ 2π

c
Δf · nΔL; (7)

with Δφ representing the phase change after time t. Equation (7)
demonstrates that the optical path difference-induced phase
change scales linearly with Δf · nΔL.

For the constellation detailed in Appendix A, the DFS shifting
rate ranges periodically between −5 and 20 MHz∕s. Given

10 cm fiber length mismatch, Fig. 15 quantifies the resulting fre-
quency offset and phase change evolution. The results show that
despite the megahertz-scale frequency offset induced by dy-
namic DFSs, accumulated phase rotation attains �10 rad due
to the 41-min cycle duration. The DFS-induced frequency shifts
remain much below fiber vibration frequencies, enabling simul-
taneous compensation of both effects. However, when integrated
devices are employed to eliminate fiber vibration effects, the op-
tical path difference must be constrained to prevent significant
phase accumulation. For instance, maintaining a path difference
of ≤0.1 mm could limit the phase difference to ≤� 1 deg.

8 Appendix C: DSP Complexity Analysis
DSP algorithms should be applied after the receiver captures the
signal to mitigate residual impairments, including clock offset,
ISI, DFS, and phase noise. Considering fundamental DSP algo-
rithms only, multipliers’ and adders’ requirements for the pro-
posed PDM-SHD and conventional ID architectures are
discussed as follows.

8.1 Clock Recovery

As detailed in Sec. 2.2.1, the receiver architecture determines
the selection of the timing recovery algorithm: ID architecture
employs Gardner algorithm,45 whereas SHD employs the M–M
algorithm.33 Their respective error functions are expressed as

Fig. 15 Dynamic DFS-induced frequency and phase shift with 10 cm fiber length mismatch of
satellite constellation with H ¼ 560 km, P ¼ 6, S ¼ 58, F ¼ 3, and θ ¼ 70 deg.

Fig. 14 DFS fluctuation and shifting rate for satellite constellation with H ¼ 560 km, P ¼ 6,
S ¼ 58, F ¼ 3, and θ ¼ 70 deg.
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eGardnerðnÞ ¼ ½IðnÞ − Iðn − 1Þ� · I
�
n − 1

2

�

þ ½QðnÞ −Qðn − 1Þ� ·Q
�
n − 1

2

�
; (8)

�
eMuller;IðnÞ ¼ sign½IðnÞ� · Iðn− 1Þ− sign½Iðn− 1Þ� · IðnÞ
eMuller;QðnÞ ¼ sign½QðnÞ� ·Qðn− 1Þ− sign½Qðn− 1Þ� ·QðnÞ ;

(9)

where e denotes the error function value at sample index n.
Modern implementations typically employ VCO direct tuning
for timing realignment, circumventing computational overhead
associated with interpolation filters. The Gardner algorithm
necessitates two samples per symbol, demanding 4 real multi-
plication operations and 6 addition operations per symbol.
Conversely, the M–M algorithm achieves zero multiplication
operations with only 2 real addition operations per symbol.

8.2 Equalization

Equalization algorithms in coherent communication systems
exhibit diverse implementations including feed-forward equal-
izers (FFEs), decision feedback equalizers (DFEs), and maxi-
mum likelihood sequence estimation (MLSE). This study
focuses on the fundamental DD-based N-tap DFE,38 whose op-
eration comprises two distinct phases: FIR filter application and
coefficient updating.

In the FIR filter application stage for ID architecture, the
equalized outputs EIðnÞ and EQðnÞ are computed through
coupled signal processing

�
EIðnÞ ¼

P
N−1
k¼0 ½pI;kðnÞxI;kðnÞ þ pQ;kðnÞxQ;kðnÞ�

EQðnÞ ¼
PN−1

k¼0 ½−pQ;kðnÞxI;kðnÞ þ pI;kðnÞxQ;kðnÞ�
;(10)

where pI;kðnÞ and pQ;kðnÞ represent the I∕Q tap coefficients,
xI;kðnÞ and xQ;kðnÞ denote the delayed I∕Q components. This
cross-coupled computation addressing phase rotation effects re-
quires 4N real multipliers and 4N − 1 real adders per sample.
Remarkably, SHD architecture eliminates I∕Q coupling consid-
erations, simplifying the expressions to

�
EIðnÞ ¼

P
N−1
k¼0 pI;kðnÞxI;kðnÞ

EQðnÞ ¼
P

N−1
k¼0 pQ;kðnÞxQ;kðnÞ ;

(11)

reducing computational load to 2N real multipliers and 2N − 1
adders.

Coefficient updating occurs exclusively during link estab-
lishment. The update functions for the ID architecture employ

�
pI;kðnþ1Þ¼pI;kðnÞþμðR2

k−E2
I −E2

QÞðEIxI;kþEQxQ;kÞ
pQ;kðnþ1Þ¼pQ;kðnÞþμðR2

k−E2
I −E2

QÞð−EQxI;kþEIxQ;kÞ ;

(12)

where μ denotes the convergence step-size, Rk is the decided
radius for the kth signal, which is a constant for QPSK constel-
lations. It demands 10N multiplications and 8N adders for co-
efficient updating, giving a total requirement of 14N real

multipliers and 12N − 1 adders. The SHD architecture permits
further simplification

�
pI;kðnþ 1Þ ¼ pI;kðnÞ þ μð1 − E2

I ÞEIxI;k
pQ;kðnþ 1Þ ¼ pQ;kðnÞ þ μð1 − E2

QÞEQxQ;k
; ð13Þ

achieving 8N multiplications and 4N adders for coefficient up-
dating, giving the total requirement would be 10N real multi-
pliers and 8N − 1 adders.

8.3 DFS Compensation

The DFS manifests as significant time-varying frequency off-
sets, which can be mitigated through carrier recovery algorithms
in ID architectures. The classical Viterbi–Viterbi (V–V) fre-
quency offset estimation algorithm46 employs Mth power
schemes to eliminate M-ary phase modulation effects. The pro-
cess initiates with conjugate multiplication between consecutive
symbols to capture phase differences, followed by the fourth-
power operation to remove phase modulation components

dðnÞ ¼ 1

4
argf½xðnÞ · x�ðn − 1Þ�4g; (14)

where dðnÞ is the phase change on the nth signal and x� denotes
the complex conjugation. Subsequent averaging over L symbols
enhances noise immunity

d̂ðnÞ ¼ 1

L

XL−1
k¼0

dðn − kÞ: (15)

Notably, the fourth-power operation decomposes into two
sequential squaring stages, requiring 6 real multipliers, whereas
the initial complex multiplication consumes 3 real multipliers.
The arctangent operation employs coordinate rotation digital
computer (CORDIC) algorithms47 or lookup tables without a
multiplier. The accumulated phase compensation DðnÞ ¼
Dðn − 1Þ þ d̂ðnÞ applies via trigonometric transformation

�
Iout ¼ Iin cos DðnÞ −Qin sin DðnÞ
Qout ¼ Iin sin DðnÞ þQin cos DðnÞ ; (16)

The DFS compensation based on the V–Valgorithm achieves 13
real multipliers and 4 adders in total.

8.4 Phase Noise Compensation

The V–V algorithm serves dual purposes in coherent systems,
being applicable to both carrier recovery and phase noise com-
pensation. The key distinction lies in their processing focus:
DFS compensation extracts inter-symbol phase differences,
whereas phase noise compensation evaluates absolute phase
characteristics. The phase noise estimation algorithm gives

φðnÞ ¼ 1

4
arg½x4ðnÞ�; (17)

φ̂ðnÞ ¼ 1

L

XL−1
k¼0

φðn − kÞ; (18)
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where φðnÞ represents the combined phase distortion from
phase noise and ASE at the nth symbol, with φ̂ðnÞ being the
noise-suppressed estimate. The compensation applies

�
Iout ¼ Iin cos θ̂ −Qin sin θ̂

Qout ¼ Iin sin θ̂ þQin cos θ̂
; (19)

Fourth-power calculation requires 6 real multipliers (two
squaring steps) and phase rotation consumes 4 real multipliers,
totaling 10 real multipliers and 4 adders.
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