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Abstract: Satellite communication systems are essential for global connectivity but are constrained by long propagation delays, channel
impairments, and severe noise, particularly in low-SNR environments. Reliable data transmission therefore demands highly robust
forward error correction techniques. Although DVB-S2X LDPC codes are widely used, they still exhibit limitations in short-cycle
suppression, structural optimization, and hardware efficiency in practical deployments. This study proposes a memory-aware QC-SC-
LDPC code design for satellite communication over AWGN channels. The proposed scheme involves the combination of deterministic
spatial coupling, adaptive irregular protograph generation, pairwise cycle-aware PEG algorithm for optimization, and QC-lifting process.
The use of memory-based banded coupling scheme is employed in order to increase local connectedness, minimize harmful short cycles,
and enable faster decoding convergence along with high implementation efficiency. Numerical simulation analysis carried out using the
DVB-S2X short frame parameters reveals that the proposed scheme outperforms classical LDPC codes. For the QPSK 32/45 case, a
coding gain of 0.36 dB is achieved at the desired FER, whereas for the QPSK 11/45 case, coding gains of 4.25 dB under Es/No and 2.86
dB under E»/No are realized, showing high resiliency even under very low SNR conditions. The result clearly shows that there is
significant improvement in waterfall characteristics and error-floor performance. The proposed QC-SC-LDPC framework provides a
scalable and hardware-efficient solution for reliable satellite communication systems, with potential extensions toward fading channels,
non-terrestrial networks, and real-time hardware deployment.
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1 Introduction

Satellite communication is seen as an important technology for the next generation of wireless
communication systems because it has the advantages of broad coverage and high data rates, which make up for the
problems with ground relay systems. These qualities enhance terrestrial communication infrastructures,
especially in areas where ground relay systems are constrained or impractical [1],[2]. According to [3], the global
satellite market is projected to grow nearly sevenfold, from the current 15 billion to $108 billion by 2035. This rapid
expansion is expected to deliver high-speed, low-latency, and ubiquitous internet and communication services
worldwide.

At the physical layer, Digital Video Broadcasting — Satellite, Second Generation (DVB-S2) and its expansion
DVB-S2X are two of the most extensively used standards, offering significant performance improvements over earlier
systems [4]. However, satellite communication systems have problems that come with the technology, like long
propagation delays, especially in geostationary orbits where the round-trip delay is about 240 to 279 ms. There are
also channel impairments caused by changes in elevation angles and weather conditions [5] [6].
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To ensure reliable satellite communication under such conditions, robust forward error correction (FEC)
solutions are required to cope with noisy channels and keep data secure. Some of the common types of convolutional
FEC algorithms include turbo product codes (TPCs), convolutional codes, and Reed—Solomon (RS) codes [7]. Efficient
coding and decoding algorithms greatly minimize the signal-to-noise ratio (SNR) needed for a certain bit error rate
(BER) in satellite communication systems. This makes it possible to use less power for transmission and build smaller
hardware [8]. Low-density parity-check (LDPC) codes, especially quasi-cyclic LDPC (QC-LDPC) codes, have
become more popular because they are better at correcting errors and use less hardware. QC-LDPC codes exploit
structural regularity in the parity-check matrix, reducing memory and interconnect complexity while achieving near-
optimal performance [9]. Efforts have been expended in order to make them suitable for wireless communications [10],
[11], as LDPC block codes are known to approach channel capacity [12].

Further advancements in coding theory have led to the development of spatially coupled LDPC (SC-LDPC)
codes have been shown able to achieve the channel capacity under belief propagation-based iterative decoding, for a
wide range of channels, owing to the convolutional structure of their parity-check matrix, which triggers the well-
known threshold saturation phenomenon [13],[14].

The performance of such iterative decoders, however, is significantly affected by the code representation, in
addition to its structural properties. In fact, iterative decoding is performed on a bipartite graph known as Tanner graph
[15], which has a small number of edges corresponding to the small number of ones in the sparse parity check matrix
of an LDPC code. In particular, short cycles in the graph reduce the independence of exchanged messages, thereby
degrading decoding performance. Furthermore, harmful structures such as trapping sets and absorbing sets are known
to dominate the error-floor behavior over Additive White Gaussian Noise (AWGN) channels

[16],[17]. These structures are often closely associated with cycles and their combinations, and their presence
leads to notable degradation in error-correction capability [18].

In terms of decoding, the sum-product (SP) algorithm, also known as belief propagation (BP), remains the
performance benchmark for LDPC decoding [19], but its probability-domain arithmetic is computationally expensive
for resource-constrained field-programmable gate arrays (FPGA). Simplified variants such as min-sum (MS) [20],[21]
and normalized min-sum (NMS) reduce complexity by replacing multiplications with add-compare-select operations,
albeit at the cost of some coding gain.

To mitigate these impacts, two main solutions are usually used: optimizing the code architecture to minimize
hazardous structures [18],[22], and upgrading decoding algorithms to make them more resistant [23]. Among them,
design-based techniques are often chosen because they are more flexible and better at managing graph features
throughout development [24]. When it comes to SC-LDPC codes, a popular way to build them is to use edge-spreading
methods to turn LDPC block codes into linked structures [24]. However, the performance of the resulting SC-LDPC
codes remains dependent on the quality of the underlying base graph and the adopted spreading strategy.

To combine the best features of SC-LDPC codes with QC-LDPC structures, quasi-cyclic spatially coupled
LDPC (QC-SC-LDPC) codes have been developed as an efficient hybrid solution. Recent research indicates that QC-
SC-LDPC codes using compact base graphs attain decoding performance akin to traditional LDPC codes in
broadcasting contexts, eliminating the need for intricate bit-mapping modification [25]. With implementation-oriented
sliding window decoding algorithms [26], they can attain similar decoding complexity while preserving the advantages
of spatial coupling, and their near-regular row degree distributions enable high-throughput implementations using
low-precision quantized decoding techniques [27]. For quasi-cyclic realizations, QC-SC-LDPC codes are typically
constructed using protographs, which provide a compact representation of the Tanner graph, where the design of the
spreading matrix critically influences girth, cycle distribution, and the presence of harmful substructures.
Consequently,

protograph-based constructions have demonstrated strong asymptotic and finite-length performance across
various communication scenarios [28],[29].

Motivated by these observations, this study proposes a memory-aware QC-SC-LDPC code design framework
that combines structured protograph building with progressive edge-growth (PEG)-based shift optimization for DVB-
S2X systems over AWGN channels. The proposed framework integrates quasi-cyclic and spatially connected designs
into asingle architecture, which is different from traditional methods that tackle them individually. In order to meet the
highly reliable transmission requirements of satellite communication systems, the proposed approach introduces a
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deterministic, memory-controlled banded spatial coupling mechanism is introduced, preserving locality while
enhancing connectivity, thereby improving decoding convergence and mitigating error-floor effects. Additionally, the
framework incorporates rate-adaptive irregular column degree distributions to achieve better threshold performance and
the PEG algorithm is employed during quasi-cyclic lifting to optimize shift assignments, thereby maximizing girth
and eliminating short cycles in the Tanner graph. This unified design enables a practical, scalable, and hardware-efficient
QC-SC-LDPC construction while maintaining compatibility with DVB-S2X requirements, and its effectiveness is
validated through FER and BER performance comparisons against standard DVB-S2X LDPC codes.

The main contributions of this study are summarized as follows:

e A novel QC-SC-LDPC protograph construction method is proposed, incorporating a banded spatial coupling
mechanism with controllable memory to improve decoding performance and structural regularity.

e The study introduces an adaptive column degree distribution strategy that enhances convergence behavior
and reduces error floors, particularly for high-rate codes.

e A scalable quasi-cyclic lifting approach is developed, enabling efficient generation of large parity-check
matrices suitable for practical implementation.

e The proposed QC-SC-LDPC codes are evaluated over AWGN channels using iterative decoding, and their
performance is compared with DVB-S2X LDPC benchmarks in terms of frame error rate (FER) and BER.

e A robust MATLAB-based simulation environment is developed, supporting multiple decoding algorithms
(e.g., layered belief propagation, min-sum variants) and adaptive stopping criteria.

2 Literature Review

LDPC codes have the performance of approaching the Shannon limit [30], high coding gain, and strong anti-
interference ability [31]. These have now become a part of the channel code standard recommended by the
Consultative Committee for Space Data Systems (CCSDS). Many studies have been done in the area of enhancing
their decoding speed, hardware implementations, and reliability on real channels. This section summarizes key
developments in this domain.

LDPC codes feature a low decoding threshold, a straightforward coding structure, and ease of hardware
implementation when compared to conventional RS codes and convolutional codes [32]. LDPC codes are better
appropriate for parallel high-throughput encoder—decoder architecture because they have less coding complexity than
Turbo codes. [33]. LDPC codes have flexible bit-rate structures [34] and low error levels [35] and meet the application
scenario of satellite link communication, so they have been widely used in the field of satellite communications [36].
For instance, Vassallo et al. [37] presented a novel early termination stopping criterion for LDPC decoders that is
based on detecting the periodicity of syndrome weight oscillations. This design can reduce computational energy and
can be implemented to meet the energy resources of satellite communications. Gumede et al. [38] presented filtered
orthogonal frequency division multiplexed LDPC codes, which can achieve a coding gain of 1.2 dB with a BER of
under moderate rain weather conditions and can be well applied to Ka-band satellite communications. The study
by [34] proposed an efficient multi-rate QC-LDPC code construction technique which is applicable to satellite
communication systems and which outperforms DVB-S2X LDPC codes in terms of performance at all code rates.

Recent studies on LDPC-based satellite communication systems [39],[40],[41],[42],[43],[44] emphasized the
development of efficient decoding algorithms, hardware realization, improved error performance, and reliable system
operation under realistic channel environments. The topics of interest include optimal decoder designs, low-
complexity iterative decoding schemes, multirate QC-LDPC coding, synchronization issues, and SC-LDPC
construction methods. A summary comparison of these studies is shown in Table 1 below.
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Table 1 Summary of Recent Advances in LDPC-Based Satellite Communication Systems

Ref. Approach Key Applicati Performance Limitation
Contribution on Insight
[39] | LDPC Efficient check- Satellite ~76.5 Ghps High hardware
decoder node design + non- communic throughput complexity under
architecture uniform ation large-scale
quantization systems deployment
[40] | 3D product code | Reduced-complexity | Satellite 0.15-0.3 dB gain Limited
decoding iterative decoding links scalability for
long code
lengths
[41] | SC-LDPC Flexible SC- Satellite + >0.5 dB gain over High memory
circulant LDPC 6G SC-5G-LDPC at usage in
design construction BER 107 ~50% practical
lower decoding hardware
complexity vs
SWD
[42] | LDPC Reliability-enhanced | Satellite ~0.4 dB gain, Performance
decoding iterative decoding systems fewer iterations depends on channel
optimization conditions
(AWGN only)
[43] | Layered QC- Parallel scheduling 5G/NTN Up to 2.85x Pipeline conflicts
LDPC architecture throughput still partially
decoder improvement persist

with reduced loss
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(0.6dB — 0.2

dB).
[44] | External Doppler-aware GEO Improved BER & Not integrated
synchronizati on | synchronization satellites SNR stability with channel
(DVB) coding

optimization

Despite considerable progress in LDPC-based satellite communication systems, there are still certain problems
that need to be resolved. Most of the research that have been done so far concentrate on single enhancements, including
optimizing the architecture of decoders, making iterative decoding less complicated, building spatially linked LDPCs,
designing multi-rate QC-LDPCs, and synchronization enhancement. However, these approaches typically optimize
LDPC structure, decoding, or synchronization in isolation, resulting in fragmented design strategies that do not fully
exploit joint graph-structural and hardware-aware optimization for practical DVB-S2X systems. Furthermore,
although QC-LDPC and SC-LDPC structures both provide robust error-correction functionalities, their combined
architecture with regulated memory, enhanced girth, and organized quasi-cyclic spatial coupling has yet to be
thoroughly investigated. Also, a lot of current approaches have problems with large memory needs, leftover pipeline
inefficiencies, limited capacity to respond to changes in rate, and no structural optimization for short-cycle mitigation.
Consequently, there is a clear necessity for a single, memory-efficient QC-SC-LDPC framework that improves
decoding efficiency, lowers error levels, and makes sure that DVB-S2X satellite communication systems can function
with more hardware under AWGN channels.

3 Methodology

This study proposes a memory-aware QC-SC-LDPC code design methodology for robust satellite DVB-S2X
systems on AWGN channels. The suggested design approach integrates deterministic spatial coupling, adaptive
irregular protograph design, cycle-aware PEG-based edge placement, QC shift determination, and QC structured
lifting in a single coding framework. The major focus of the work is on enhancing the decoder's convergence capability
by reducing the effects of problematic short cycles and trapping sets in the corresponding Tanner graph. At the same
time, high performance and hardware efficiency should be preserved. Unlike classical LDPC block codes, the
suggested design approach incorporates deterministic memory-based banded spatial coupling with an adaptive
irregular degree distribution pattern, cycle-aware PEG-based optimization, and quasi-cyclic shift placement into a
unified construction algorithm. The novelty of the suggested approach is the integration of all mentioned features into
one consistent construction paradigm.

The proposed framework comprises six essential components, which include (i) spatially coupled protograph
construction considering memory effect, (ii) adaptive irregular degree-distribution setting, (iii) pairwise cycle-aware
edge positioning through PEG algorithm, (iv) quasi-cyclic shifts using PEG algorithm, (v) lifting of quasi-cyclic graph
with parity check matrix creation, and (vi) iterative decoding along with its performance evaluation under AWGN
channels. These components altogether help in the design of optimized and hardware-friendly QC-SC-LDPC code for
DVB-S2X satellites. Figure 1 illustrates the overall workflow of the proposed QC-SC-LDPC design framework.
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Figure 1 Flowchart of the proposed memory-aware QC-SC-LDPC code design framework
3.1 System Model

The satellite communication system considered in this study analysis conforms to the DVB-S2X short frame
transmission model on an AWGN channel. The Binary phase-shift keying (BPSK) modulation scheme has been
adopted due to its resilience, simplicity in implementation, and applicability in satellite communication channels
experiencing noisy environments.

Let the transmitted coded bit sequence be transformed to a bipolar BPSK signal sequence given by
xj € {+1,-1},i=12,...,N )]
where N is the length of the transmitted codeword. From Eq. (1), it is clear that each coded bit is transformed
into either +1or -1 before being sent across the satellite channel.
The transmitted sequence is then passed over an AWGN channel, and the received sequence can be expressed as
Yi=xi+tn 2
where y; is the received signal that corresponds to the transmission of x;, and n; represents the noise term

added in the Gaussian channel. Eq. (2) explains the effect of channel noise on the transmission of BPSK symbols
through satellite communication.

The noise samples are assumed to be independent and identically distributed Gaussian random variables with
zero mean and variance o2, which is represented as

ni ~ N(0, d? 3

1126



As defined in Eqg. (3), the AWGN channel adds independent Gaussian noise samples to the input signal
sequence.

At the receiver end, decoding of the received bits is done using soft decision decoding based on the log-
likelihood ratios of the received channel observation. The channel LLR of the i received bit when transmitted through
the AWGN channel using BPSK modulation is given by

2yi
= — @

where L(y:)denotes the reliability information associated with the received symbol y:. From Eq. (4), it can be seen that
the higher the value of positive and negative log-likelihood ratio magnitudes,the more confidence there is about
determining whether +1 and -1 are transmitted, respectively. The computed LLR values are subsequently utilized as
input messages for the iterative QC-SC-LDPC decoding process operating on the Tanner graph representation of the
proposed code structure. The decoding is an iterative exchange of messages between variable nodes and check nodes
until the symbols become more reliable and recover the transmitted information sequence.

3.2 Memory-Aware Spatially Coupled Protograph Construction
The QC-SC-LDPC code is initially designed based on the following sparse binary protograph matrix expressed
by

Bsc € {0,13#b*Nb ()

where M and N» denote the numbers of check-node groups and variable-node groups, respectively. As shown
in Eqg. (5), the protograph matrix acts as the simplified base graph before quasi-cyclic lifting.

While typical LDPC block codes are built in a stochastic fashion, the proposed framework utilizes a
deterministic spatial coupling structure that takes memory into account. In particular, each column in the variable node
will only be coupled to a limited number of rows from the check node in a specific spatial coupling region.

For a variable-node index j, the admissible coupling window is defined as
W () = [max (1, — w), min (M», j + w)] (6)

where w is the parameter that defines the bandwidth of coupling memory. As shown in Eqg. (6), parameter w
defines the range of possible connections between check nodes, resulting in a structured banded coupling pattern.

To further preserve spatial locality, the coupling center associated with each variable-node column is
deterministically assigned according to

M, -1)(G -1

re(j)=1+ T (7)

where r(j) represents the row index associated with the j¢" variable node group. This equation disperses the
coupling centers incrementally in the protograph framework, yielding a diagonally band-limited Tanner graph

topology.

The local coupling mechanism specified in Eq. (6) and Eq. (7) greatly enhances iterative message passing
performance without imposing overly redundant graph connections. The resulting design offers better routing
performance, maintains structural regularity, and boosts hardware scalability for extended DVB-S2X frames.

The sparsity density of the protograph matrix is represented as

nnz(Bsc)
p= ®)
MpNp
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where nnz(-) denotes the number of nonzero elements in the protograph matrix. As expressed in Eq. (8), the
sparsity ratio controls the graph connection density which affects both decoding complexity and message-passing
efficiency.

The framework uses localized coupling together with row-balancing operations to prevent the occurrence of
isolated low-degree check nodes and weak structural graph areas which create obstacles for decoding stability and
generate trapping sets and short cycles. The balancing process improves graph uniformity while it strengthens the
capacity of iterative decoding to perform better.

3.3 Adaptive Irregular Degree Distribution

In order to enhance decoding threshold and iterative behavior, the introduced scheme makes use of adaptive
irregular variable-node degree profiles. Various weights for systematic and parity parts of the protograph are considered
for the specific target code rate of the DVB-S2X coding scheme.

In case of low-rate coding schemes, high variable-node degrees are used to optimize the decoding threshold and
increase the capacity of correcting errors. On the other hand, in high-rate coding systems, deliberate irregularity is
applied to minimize graph density without compromising decoding thresholds and minimizing harmful degree-2
variable-node structures that adversely affect the waterfall region.

Let d+(j) denote the degree of the j# variable node. The proposed degree assignment strategy is defined as
dsys, ] € S (9)

dv(j) ={

where S represents the set of systematic variable nodes and Prepresents the set of parity variable nodes, while
dsys and dpar denote the corresponding column weights assigned to the systematic and parity sections, respectively.

dpar; JEP

As defined in Eq. (9), different degree profiles are assigned to systematic and parity regions in order to
achieve improved decoding convergence and balanced graph connectivity.

To further enhance waterfall-region decoding performance, the proposed framework introduces controlled
irregularity by assigning boosted degrees to selected variable-node subsets. The boosted-degree assignment is
represented as

() = dufj) + 1 (10)

For selected variable-node groups, Eq. (10) assigns one additional edge connection to improve graph expansion
properties and iterative decoding reliability. Subsequently, row degrees are balanced to ensure uniform check-node
participation and to reduce the probability of harmful trapping structures.

3.4 Pairwise Cycle-Aware PEG Edge Placement

After the target variable-node degree distributions have been established, the proposed framework uses PEG-
based localized edge placement to create the spatially coupled protograph while it works to minimize local cycle
formation. The edge-placement strategy handles three main tasks which include maintaining row balance and keeping
local spatial connections intact while preventing multiple row connections from being established during the graph
construction.

For each candidate row connection, a row-selection cost function is evaluated as

C(T):aDr +ﬁ|7'_7'c|+ypr (11)

where D» denoting the current degree of the row, r. representing the coupling-center row, and P- representing
the penalty for pair-wise cycles. The values of the parameters a, 8, and y can be adjusted by choosing appropriate
weights, where it is guaranteed that « + § + y = 1. In general, larger values of a indicate greater importance
for degree balancing, larger values of pdenote greater importance for locality preservation, and larger y values imply
greater preference for avoiding short-cycles
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According to Equation (11) the cost function developed by the authors shows preference to candidate rows
which exhibit better connectivity and shorter coupling distances and fewer instances of repeated row-pair use. The
framework can maintain localized coupling functions which work to decrease the chances of creating harmful cycle
patterns.

The pairwise cycle penalty is computed using the occurrence matrix that records repeated occurrences of row-
pair interactions in constructing the protograph. Given two rows, r1 and r, the pairwise penalty is defined by

P(Tl, TZ) = Npair(TL TZ) (12)

where Npir(11, 72) denotes the number of previously established shared connections between the row pair (ry’
12). From Eq. (12), it can be seen that higher values of penalty translate into higher probabilities of interaction between
row pairs that could result in short-cycles being formed in the Tanner graph.

The edge-selection process involves selecting row pairs with minimal costs iteratively with the aim of
optimizing row interconnections, sustaining local spatial coupling, avoiding repeated row pair formations, and
minimizing the probability of short cycles being created The proposed pairwise cycle-aware PEG mechanism helps to
improve Tanner graph expansion properties of the system while reducing the decoding error-floor degradation
problems which arise from trapping structures.

3.5 PEG-Based Quasi-Cyclic Shift Optimization

After the pairwise edge placement considering cycles, the second part of the proposed algorithm involves
quasi-cyclic lifting through circulant permutation matrices of dimensions Z x Z, where
Z represents the lifting parameter. The lifting process transforms the compact protograph into a massive sparse parity-
check matrix while maintaining its structural regularity and implementation efficiency.

A circulant shift matrix is generated as

Se{-10l1,..,z—13ub*Nb (13)
where each non-zero entry corresponds to the circulant shift induced by a non-zero link in the protograph,
and —1 represents the lack of such a link. The shift matrix specifies the cyclic permutation operation to be performed
on each circulant block during lifting using the definition provided in Eq. (13).

In order to achieve the maximum girth of a graph and avoid undesirable short cycles, the approach utilizes a
PEG optimization algorithm for circulant shift assignment. The optimization procedure iteratively selects shift values
that minimize local cycle formation and improve Tanner graph expansion characteristics.

For any two rows iy and i, sharing columns j1 and j», a 4-cycle exists if
(Sil,jl ~Si1,j2 +Si2|j2 *Sizljl)mod Z=0 (14)

where si; represents the circulant shift value for the respective protograph entry. Equation (14) shows that a
zero modular difference implies the presence of a detrimental 4-cycle in the Tanner graph lift. The design process
ensures that these situations do not occur to optimize the minimum girth value and avoid detrimental cycle structures
that lead to poor decoding performance.

3.6 Quasi-Cyclic Lifting and Parity-Check Matrix Generation

Utilizing the optimal shift values for the circulant shifts determined in the earlier stage, the complete parity
check matrix is constructed via quasi cyclic lifting. This involves substitution of all nonzero entries in the protograph
matrix with the circulant permutation matrix with the specified shift value.

The resulting parity-check matrix is represented as
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[ Psiy  Psyp Psm'b |

Fs Fs e 5 _

oo — lZ.l lzuz 2._'\:& | (15)
[PSM!;.J PSM;,,Z Psmbm_,]

where Ps; ; denotes a Z x Z circulant permutation matrix shifted by si,. The lifting process, as per Eq. (15),

converts the small-sized graph form to a large-sized parity-check matrix that can be used for practical coding and
decoding operations.

The quasi-cyclic structure needs less memory for its encoder and decoder functions because it requires only
the storage of circulant shift values instead of the complete parity-check matrix. The regular circulant arrangement
allows for parallel hardware implementation which uses efficient routing systems and scales better with larger DVB-
S2X frame lengths.

3.7 lterative Decoding Algorithm

The decoding process for QC-SC-LDPC codes uses iterative message-passing algorithms which operate on the
Tanner graph representation of the lifted parity-check matrix. The primary decoding algorithm employed in this study
is layered belief propagation (LBP), owing to its faster convergence behavior and lower decoding latency compared
with conventional flooding-based scheduling approaches.

In the min-sum approximation, the check-node update operation is expressed as

’ v EN(C)\
v EN(c)\v v
where Lc_,» denotes the message passed from check node ¢ to variable node v, and N(c) indicates the set of
adjacent variable nodes connected to check node c. As per Eg. (16), the check node message is calculated using the

multiplication of the signs of messages received from adjacent nodes and the minimum absolute value of all incoming
messages.

The variable-node update operation is computed as

Ly se=Lenpt 22 17)
Ly
c'eN()\c

where L¢» stands for the channel log-likelihood ratio (LLR) associated with variable node v, and

N(v) is the set of neighboring check nodes that connect to the variable node v. Eq. (17) shows how the variable
node message is updated based on the reliability of the channel information and the incoming messages from the check
nodes. The decoding process continues until all parity-check constraints have been checked or until the system reaches
its maximum decoding iteration limit. The simulation framework evaluates decoding performance through multiple
decoding variants which include layered belief propagation together with belief propagation (BP) and normalized min-
sum (NMS) and offset min-sum (OMS) decoding methods to assess how different operational conditions affect system
performance and decoding speed and implementation efficiency.
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3.8 Performance Evaluation

The effectiveness of the proposed QC-SC-LDPC system is analyzed through extensive simulations based on the
AWGN channel using DVB-S2X short frame configurations. The simulation analysis is mainly concentrated on
decoding performance, convergence behavior, and graph structure performance when subjected to iterative decoding.

Performance criteria for the proposed code schemes include BER (bit error rate), FER (frame error rate),
decoding convergence properties, lower bound of the girth parameter, decoder speed, and sparsity property of the code
structure. Among these performance measures, BER and FER can be viewed as the key error-correcting and decoding
performance measures.

The frame error rate is computed as

FER= er (18)
Tr
Ny

Ny

wfhere Nerr stands for the total number of faulty frames and Ny is the total number of transmitted

frames.

Similarly, the bit error rate is calculated as

- (19)
BER = N
Np

w};ere Nerr denotes the total number of erroneous bits and N stands for the total number of transmitted bits.

As shown from Eq. (18) and Eqg. (19), the BER and FER estimates are statistically calculated over a number of
transmitted packets in order to obtain their statistical averages at various SNR points. To enhance the reliability of
the statistical calculation without performing any redundant computations, an adaptive stopping criterion for
simulation is used, which uses FER criteria and a threshold for maximum erroneous frames.

The QC-SC-LDPC codes are evaluated against the conventional DVB-S2X LDPC codes with the same
modulation and decoding configurations. The comparative analysis will make it possible to perform a comprehensive
study on the coding gains, decoding convergences, error floor performances, and overall error correction improvements
achieved by the proposed memory-aware QC-SC-LDPC framework.
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3.9 Computational Complexity Analysis

The computational complexity of the proposed QC-SC-LDPC framework stem from three main components
which include the pairwise cycle-aware PEG edge-placement process and PEG-based shift optimization and iterative
decoding operations. The proposed framework achieves localized graph construction through its cycle-aware
optimization feature which results in complexity depending on the number of Tanner graph edges used during
protograph generation and quasi-cyclic lifting.

In the case of a protograph that has E graph edges, the pair-wise penalty computation and edge shifting process
for the pair-wise cycle aware PEG algorithm would have computational complexity proportional to

O(E?) (20)

As stated by Eqg. (20), the complexity of constructing a graph grows quadratically with respect to the number
of Tanner graph edges because of repetitive cycle check testing, penalty function computation for pair-wise
interactions, and optimal shifting of circulant matrices while constructing edges.

During iterative decoding, the LBP algorithm has the following per iteration computational complexity
depending on the number of Tanner graph edges, which can be written as

0(E) 1)

The decoding complexity according to Eq. (21) increases with the graph connectivity which enables efficient
decoding for long DVB-S2X frame lengths. The quasi-cyclic structure decreases memory requirements because it
needs to store only circulant shift indices instead of complete parity-check matrix. The memory-aware banded
coupling structure which we developed reduces interconnection complexity while enabling better scalability with
high-throughput hardware implementations.

4  Result and Discussion

The section assesses the FER performance of memory-aware QC-SC-LDPC framework testing which was
created for DVB-S2X satellite communication systems operating through AWGN channels. The primary objective of
this research study examines decoding reliability and convergence characteristics together with SNR improvement
which the proposed framework achieves when compared to traditional DVB-S2X LDPC reference codes.

Simulation results based on the short-frame design of DVB-S2X have been obtained through Monte Carlo
simulation technique, considering QPSK modulation. LBP decoding has been implemented due to faster convergence
behavior and low decoding time latency when compared with conventional flooding-based iterative decoding. The
performances of the FERs have been analyzed in terms of both (E»/No) and (Es/No) ratios. The targeted FER for all
cases was set at 10°5, which is a commonly recognized measure of reliability in satellite communications.

The QC-SC-LDPC scheme combines deterministic memory-aware spatial coupling, adaptive irregular degree
profile, pair-wise cycle-aware PEG edge positioning, and quasi-cyclic shift using PEG. These techniques work together
to improve expansion in the Tanner graphs, provide better girth properties, reduce the number of undesirable short
cycles, and improve convergence during iterative decoding while retaining the quasi-cyclic property essential for
hardware efficiency. Table 2 presents the performance comparison of the proposed QC-SC-LDPC scheme against
conventional DVB-S2X LDPC code designs.
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Table 2 Performance Comparison of Proposed QC-SC-LDPC and DVB-S2X LDPC Codes

Proposed QC-SC-

Configuration Metric DVB-S2X LDPC LDPC Coding Gain
QPSK 32/45

(R=0.7111) (Ep/Ng) at FER = 10°° 4.88 dB 4.52 dB 0.36 dB
QPSK 11/45 (R =

0.2444) (Ep/Ng) at FER = 10°° -2.40dB -0.46 dB 2.86 dB
QPSK 11/45

(R=0.2444) (EsINg) at FER =105 —2.50 dB -6.75dB 4.25dB

For the QPSK 32/45 configuration with code rate R = 0.7111, the FER comparison under E»/No shows an
improvement in terms of FER when comparing to the conventional DVB-S2X LDPC code scheme, as shown in Figure
2. The proposed QC-SC-LDPC framework meets the target FER of 10°° at about 4.52 dB, while the DVB-S2X
reference code needs almost 4.88 dB to reach the same level of reliability. This corresponds to a coding gain of
approximately 0.36 dB.

Despite the relatively modest quantitative enhancement, this becomes very crucial for the development of
efficient satellite communication links at high transmission rates, as any SNR reduction can be converted into
additional communication margin, power savings, and reliability gain. In addition, as was noted above, the proposed
code demonstrates a faster waterfall-region slope, which points to better performance of iterative decoding algorithms
and faster message exchange over the Tanner graph. The reason behind such an improvement is that, due to the use
of the banded spatially coupled graph construction and optimal design of the circulant shift distribution, the number
of unwanted cycles is decreased and improve graph connectivity. As a result, this framework ensures reliable decoding
along with structural regularity conducive to real-life FPGA application.
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Figure 2 FER comparison of QC-SC-LDPC and DVB-S2X LDPC for QPSK 32/45 over
Eb/No(R = 0.7111).
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The improvement in performance gains is more substantial for the case of the low rate QPSK 11/45 scheme
using code rate R = 0.2444, as shown by figures 3-5. The application of low-rate coding techniques is especially
crucial in the design of satellite communication systems working under tough channel conditions where stronger error-
correction capability is essential.

As can be seen from the FER comparison plot regarding Es/No, as presented in Figure 3, indicates that the
proposed QC-SC-LDPC scheme attains the desired FER value around -6.75 dB, while the DVB-S2X baseline code has
to be provided with about -2.50 dB for a similar level of performance. The obtained result implies a coding gain greater
than 4 dB, which proves the higher stability of the proposed approach under low SNR scenarios.

The decoding efficiency demonstrates consistent properties, in which the proposed QC-SC-LDPC achieves
its objective FER value at -6.75 dB, whereas the DVB-S2X standard still maintains its FER value near -2.50 dB, as
illustrated in Figure 4. The above consistency confirms the success of the adaptive irregular degree distribution and
cycle-aware PEG algorithm in lowering decoding thresholds and improving convergence properties. Moreover, the
steepness of the FER curve demonstrates the better expansion properties of the Tanner graph expansion and reduced

susceptibility to short, harmful cycles, which are typically responsible for performance degradation in conventional
LDPC decoding structures.

FER Comparison in Eb/N0: QC-SC-LDPC vs DVB-S2X
QPSK 32/45 (R=0.7111)
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Figure 3 FER comparison of QC-SC-LDPC and DVB-S2X LDPC for QPSK 11/45 over
Es/INo(R = 0.2444)

FER Comparison in Es/N0: QC-SC-LDPC vs DVB-S2X
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Figure 4 FER performance of QC-SC-LDPC vs DVB-S2X LDPC for QPSK 11/45 over Es/No.

The FER performance under E»/N, for the same QPSK 11/45 configuration, as shown in Figure 5, indicates that the
1134



proposed QC-SC-LDPC framework achieves reliable decoding at approximately —0.46 dB, while the DVB-S2X
reference code requires around 2.40 dB. The system demonstrates enhanced performance for error correction during
times when the signal-to-noise ratio is low. The decoding process shows accelerated performance because the system
uses steeper decoding paths which result in faster rate of information transmission through its message-passing system.
Such low-SNR decoding capabilities are advantageous for use in advanced satellite communication systems in which

energy efficiency, energy saving, and effective long-range data transfer are critical design requirements.
ER Comparison in Eb/N0: QC-SC-LDPC vs DVB-S2X
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Figure 5 FER comparison of QC-SC-LDPC and DVB-S2X LDPC for QPSK 11/45 over Ep/No.

Across all evaluated modulation and coding configurations, the proposed QC-SC-LDPC scheme outperforms
the traditional DVB-S2X LDPC benchmark codes based on both their FER and convergence characteristics during
decoding. The use of a deterministic memory-based spatial coupling technique is advantageous since it increases local
message passing and avoids excessive graph connections, enabling efficient and scalable decoding. Moreover, by
employing a quasi-cyclic lifting scheme, there is a significant saving in memory due to storing only the index shifts
rather than the entire parity-check matrix. This structural property renders the proposed approach very ideal for high-
speed FPGA implementation.

The results of the simulation validate that the proposed scheme has effectively integrated the strengths of
both QC-LDPC and SC-LDPC schemes to create a scalable and efficient architecture. The gains in coding performance,
the convergence characteristics, and the improved low-SNR decoding performance clearly show that the proposed QC-
SC-LDPC scheme is highly suitable for DVB-S2X satellite communication systems in AWGN channels.
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Proposed QC-SC-LDPC vs Rate-Matched LDPC
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Figure 6 Proposed QC-SC-LDPC vs Rate-Matched LDPC QPSK 32/45

The simulation results demonstrate that the proposed QC-SC-LDPC scheme outperforms the conventional rate-
matched LDPC code in terms of frame error rate performance and decoding convergence. The proposed code achieves the
target FER at a lower Eb/No value, indicating a significant coding gain and improved reliability under low-SNR conditions.

The superior performance can be attributed to the spatial coupling structure, which enhances message propagation
during iterative decoding, while the quasi-cyclic construction ensures implementation efficiency and reduced memory
requirements. The observed improvements in error-correction capability and decoding behaviour confirm that the proposed
QC-SC-LDPC scheme is a promising solution for DVB-S2X satellite communication systems operating over AWGN
channels.

4.1 Discussion

The simulation results show that the proposed memory-aware QC-SC-LDPC framework always works better
than traditional DVB-S2X LDPC codes when it comes to FER performance and decoding efficiency over AWGN
channels. In the high-rate QPSK 32/45 configuration, the proposed model achieves the target FER at E»/No = 4.52dB
compared to 4.88 dB for the reference, resulting in a coding gain of 0.36 dB. More significant improvements are
observed in the low-rate QPSK 11/45 configuration. The proposed system attains the desired FER value of —6.75
dB in Es/No, while it attains the desired FER value of —0.46 dB in E»/Nj as opposed to a value of —2.50 dB and 2.40
dB for the reference DVB-S2X, respectively. These results confirm strong robustness under low-SNR conditions.

The improvements in performance can be mostly contributed to the spatial coupling with memory consideration,
as it increases the localized message passing efficiency and helps with iterative convergence. Moreover, the irregular
degree adaptation contributes to an increase in graph connectivity and decoding thresholds. Lastly, the optimization of
the PEG design and quasi-cyclic shifting scheme for short-cycle avoidance helps to improve the Tanner graph
properties and decrease decoding errors. In general, the QC-SC-LDPC code structure will result in better performance
terms of decoding robustness, fast convergence, and efficiency in implementation due to the above-mentioned
advantages over traditional DVB-S2X LDPC codes in satellite communications.
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5 Conclusion

This study proposed a QC-SC-LDPC code design framework for reliable DVB-S2X satellite communication
systems operating over AWGN channels. The proposed methodology unifies deterministic spatial coupling, adaptive
irregular protograph design, pairwise cycle-aware PEG-based construction, and optimized quasi-cyclic lifting within
a single structured framework. The integrated design improves Tanner graph connectivity while reducing harmful
short cycle and trapping structure instances and enhancing iterative message-passing decoding algorithms. The system
improves decoding efficiency through memory-aware banded coupling which creates localized controlled connectivity
in the protograph while maintaining regular structural patterns and scalability of the system. Furthermore, the
PEG-based optimization method for edgevplacement and circulant shifts delivers better girth performance and
enhanced graph expansion capabilities, which essential for achieving dependable satellite channel decoding results.
The proposed QC-SC-LDPC framework provides a unified and hardware-efficient coding solution that effectively
bridges the gap between structural code design and implementation-oriented requirements in modern DVB-S2X
satellite communication systems. The system supports future high-reliability communication needs because its
scalable design and enhanced graph characteristics enable better performance. Future extensions may consider
adaptation to fading and non-stationary satellite channels, integration with non-terrestrial network (NTN) architectures,
and hardware prototyping for real-time deployment.
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