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ABSTRACT This paper presents a hybrid automatic repeat request (HARQ) scheme based on multi-rate
coupled low-density parity-check (LDPC) codes, which can be efficiently implemented using existing
5G New Radio (NR) LDPC matrices. The HARQ scheme enables coupling among parity-check matrix
blocks with different code rates, making it well-suited for adaptive modulation and coding (AMC) and
ultra-reliable low-latency communication (URLLC) applications. To enhance reliability and goodput, the
HARQ mechanism can be integrated with incremental redundancy (IR). Simulation results demonstrate
that HARQ-IR with multi-rate coupled LDPC codes achieves superior performance, providing up to 10%
gain in goodput over conventional HARQ-IR. Additionally, the proposed scheme outperforms single-rate
coupled HARQ-IR by approximately 4% goodput gain, and the optimized multi-rate coupling results in a
0.2 dB reduction in the required signal-to-noise ratio (SNR) at a bit error rate (BER) of 10~7. This approach
can be readily extended to support the coupling of different LDPC codes with varying information and
codeword lengths. Moreover, latency, memory usage, and computational complexity are analyzed, showing
that multi-rate coupling improves successful decoding and reduces the average age of information (Aol) at
high SNR, with only a limited increase in complexity.

INDEX TERMS HARQ, LDPC, multi-rate codes, incremental redundancy (IR), age of information (Aol).

I. INTRODUCTION

Low-density parity-check (LDPC) codes, defined by a sparse
parity check matrix, are widely used in communication
systems due to their high error-correcting performance [1].
In practice, communication systems often need to operate
at several different coding rates to adapt to varying channel
conditions and improve transmission efficiency [2]. Multi-
rate quasi-cyclic (QC) LDPC codes allow the construction
of high-rate codes from a low-rate base code, making
them suitable for adaptive modulation and coding (AMC)
schemes [3], [4]. The 3GPP 5G New Radio (NR) LDPC codes
adopt the structure of QC-LDPC codes and support incremen-
tal redundancy (IR) [5], [6]. Consequently, hybrid automatic
repeat request (HARQ) combined with IR is a fundamental
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component of modern communication systems [7]. However,
in both LTE and 5G, the standard HARQ mechanism might
lead to non-optimal use of power and bandwidth, as a single
erroneous LDPC codeword triggers the retransmission of the
entire codeword group aggregated into one medium access
control (MAC) layer transport block [8].

To support diverse quality-of-service requirements, com-
munication systems should enable flexible switching among a
wide range of code rates and block lengths [9]. This flexibility
is particularly important for emerging applications in the
industrial Internet of Things [10], which demand features
defined in two different 5G service categories: (I) ultra-
reliable low-latency communication (URLLC) [11], [12],
which requires a latency of less than 1 ms and reliability
of 99.99%, and (II) enhanced mobile broadband (eMBB),
which requires a data rate of giga bits per second [13]. For
sixth-generation (6G)-enabled real-time applications, the age
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of information (Aol) metric has been introduced to assess
the timeliness of the received information, offering a more
comprehensive quantitative characterization of latency [14].

Il. RELATED WORK

Recent studies have enhanced the conventional HARQ-IR
framework by incorporating adaptive and learning-based
mechanisms to improve retransmission efficiency. These
approaches aim to achieve multilevel priority design based on
channel conditions, thereby reducing redundancy in favorable
scenarios while improving reliability under poor channel
conditions [12], [15], [16]. In addition, Al-based schemes
have been explored to support more efficient retransmission
control and meet stringent latency requirements in appli-
cations such as URLLC [17], [18]. Overall, these methods
primarily focus on adaptively optimizing retransmission
strategies, rather than altering the retransmission mechanism
at the coding level.

Spatially coupled (SC) LDPC codes can be constructed
by a sequence of LDPC block codes whose Tanner graphs
are interconnected over time, resulting in a convolutional
structure [19], [20], [21]. A class of SC-LDPC codes
using block Markov superposition transmission and their
application to HARQ has been investigated in [22], [23],
[24], [25], and [26]. In these schemes, superposition at a
fixed code rate is implemented by applying a permutation
matrix at the encoder to enhance transmission reliability [24],
[25], [26]. This enables coupled frame transmission instead of
retransmitting redundant information from erroneous frames,
thereby enhancing decoding performance. Owing to their
threshold saturation property, SC-LDPC codes have been
proven to achieve near-capacity performance [3]. However,
HARQ schemes based on SC-LDPC codes remain relatively
unexplored, and multi-rate coupled codes for adaptive
retransmission strategies also remain an open research area.

Motivated by these studies and application scenarios,
this study investigates spatial coupling across LDPC block
codes of different rates and lengths for HARQ applications.
Multi-rate SC-LDPC codes are primarily employed to
enable coupling across transmit frames. They are designed
to optimize HARQ performance rather than to enhance
standalone SC-LDPC coding performance. In contrast to
prior approaches [27], [28] that couple a single base code,
we dynamically construct parity-check matrices by coupling
submatrices of varying sizes according to the target code
rate. The main contribution of this work is the dynamic
control of multi-rate coupled LDPC codes at the HARQ level.
The proposed coupled HARQ-multi-rate (MR)-IR scheme
achieves signal-to-noise ratio (SNR) gains of 0.5 dB and
0.2 dB compared with HARQ-IR and coupled HARQ-single-
rate (SR)-IR [28], respectively, under the same final code
rate. Moreover, the proposed multi-rate scheme leads to a
noticeable reduction in Aol in high-SNR regions. Overall,
the proposed HARQ scheme based on multi-rate coupled
LDPC codes provides improved decoding performance and
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enhanced practical flexibility. This makes it well-suited for
HARQ applications in 5G and future 6G communication
systems.

Ill. PROPOSED MULTI-RATE COUPLED LDPC

CODES FOR HARQ

To support the HARQ systems, SC-LDPC codes are
employed to establish additional inter-frame connections
at the ARQ level. Based on this principle, this section
introduces the newly proposed multi-rate (MR) coupled
LDPC codes for the HARQ scheme. These codes build upon
single-rate (SR) coupled LDPC codes, which have been
previously investigated over additive white Gaussian noise
(AWGN) and Rayleigh block fading channels [27], [28].
In the following sections, the coupled codes are denoted as
LDPC-MR and LDPC-SR, and the corresponding HARQ
schemes are referred to as HARQ-MR and HARQ-SR. When
IR is employed, the resulting schemes are denoted as HARQ-
MR-IR and HARQ-SR-IR, respectively.

A. CONSTRUCTION OF COUPLED LDPC CODES

Consider an LDPC code with rate R = k/n, where k
represents the length of the data bits, n represents the length
of the codeword bits, and m = n — k denotes the length of the
redundant bits. The construction of the coupled LDPC code
can be achieved by designing a parity-check matrix Hyg as
shown below:

H,
D; H,

Hyg = D; Hj : (1)

D, 1 Hy

which is composed of the original LDPC code H; together
with a coupled submatrix D;. For single-rate coupled LDPC
codes, all parity-check matrices H; and coupling matrices
D; have identical dimensions [27], [28]. In contrast, for the
proposed MR-coupled LDPC codes with varying code rates
and coupling depth L, the dimensions of H; and D; may vary
across blocks. The size of each matrix H; is m; x n;, whereas
the size of each coupled submatrix D; is m;j;; X n;, as it
depends on both H; and H;;. The coupled submatrices D;
consist of ‘partially diagonal’ and zero matrices in a pattern
as follows:

D; =[I' 0], )

where O denotes a zero matrix and I denotes a truncated form
of identity matrix I. Matrix I’ is constructed by horizontally
concatenating zero or more identity matrices of size m;;1 x
m;4+1 with a truncated identity matrix, yielding an overall
matrix of dimensions m;; X k;. In other words, D; can be
defined as constructed by placing k; columns in the form
of a diagonal matrix, and filling the remaining n; — k;
columns with zeros [28]. As a result, matrix D; introduces
an additional connection linking all the information bits of
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FIGURE 1. Sparsity pattern of an example matrix Hy;p with coupling
depth L = 3. H,, H,, and H5 are standard parity-check matrices from 5G
NR with different code rates, while D; and D, are introduced as coupling
matrices.

the previous block to the check nodes of the coupled block.
This extra connection increases the degree of the selected
nodes, allowing more extrinsic information to be exchanged
during belief-propagation decoding, thereby facilitating the
decoding process.

Taking the 5G NR LDPC parity matrix as an example,
Fig. 1 shows the visualized sparsity pattern of a coupling
check matrix Hyr for L = 3, which is generated using
BG2 with lift size Z = 32. The pattern illustrates all
edges connecting the variable nodes and check nodes.
H; corresponds to (544, 320) LDPC code, H; to (640, 320)
LDPC code, and H3 to (928, 320) LDPC code. D; and
Dy are coupling matrices that introduce dependence between
transmitted frames. We denote the code prototyped by this
combined matrix Hyr as (54446404928, 320x3).

B. DEDICATED HARQ SCHEME USING

COUPLED LDPC CODES

In the dedicated HARQ, the initial transmission employs
the original 5G NR LDPC parity-check matrix H; without
any modifications. If a NACK is received, the parity-check
matrix H, with a lower code rate is utilized for the
subsequent frames. For simplicity, one frame corresponds to
one codeword. The coupling between the subsequent frame
and previously transmitted frames is realized through the
coupling submatrix D;. At the receiver, the two frames are
jointly decoded using:

H;
Hyr = |:D1 Hz} . 3)

On the transmitter side, the two frames are encoded together
by deriving Gyg from Hppr [28]. The key feature of
this approach is that H; and Hjp correspond to distinct
LDPC codes with dynamically adjustable code rates, thereby
enabling adaptation to varying channel conditions. In the
coupled HARQ process, the initial frame is identical to the
original 5G NR LDPC frame, whereas subsequent frames
are coupled to previously transmitted frames, and the code
rate is dynamically adjusted based on the channel conditions.
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For subsequent transmissions, no bits from the undecoded
frames are retransmitted. Instead, it is re-decoded using
both the original transmission and additional coupling edges
introduced by the subsequent frame. Consequently, multi-
rate coupled codewords can be seamlessly integrated with
existing AMC schemes. Multiple retransmissions are sup-
ported through continuous coupling with subsequent frames,
as expressed in (1), until a maximum of L transmissions
is reached.

C. IR DESIGN FOR MULTI-RATE COUPLED LDPC CODES

In this subsection, the well-established incremental redun-
dancy (IR) scheme is integrated with the proposed multi-rate
coupled HARQ strategy to provide enhanced flexibility in
code rate adaptation. The HARQ-IR scheme can achieve
a lower effective code rate when decoding fails, thereby
improving performance. Specifically, a high rate LDPC code
is employed for the initial transmission, whereas retransmis-
sions supply additional redundancy from a lower-rate LDPC
code to enhance decoding performance. Consequently, both
LDPC-SR and LDPC-MR codes can be combined with IR to
dynamically adjust the code rates. In the HARQ-IR scheme
with coupled LDPC codes, coupled frames are retransmitted
until the maximum number of retransmissions, L, is reached.
If a NACK is still received, IR retransmission is then applied
to all lost frames. The associated parity-check matrix Hyg—jr
is defined as:

- {HRC .
iy HRC
D, H!
Hyr-r = ... Dy HIRC . @
IRC
37 I
I
<L

where I denotes the identity matrix, H#RC is a high-rate
code (HRC) parity-check matrix, and HfRC represents
the parity-check matrix corresponding to the incremental
redundancy code (IRC). The index / ranges from 1 to L,
depending on which frame remains unrecovered after coupled
HARAQ. Based on the number of lost frames, the total number
of IR frames is bounded by the total number of frames L
transmitted in the coupled HARQ scheme.

D. CODE RATE COMPUTATION FOR MULTI-RATE
COUPLED LDPC CODES

The code rate varies with both multi-rate coupling and
incremental redundancy (IR). For multi-rate coupled HARQ,
the code rate also varies with the number of retransmissions.
Therefore, we characterize the average code rate for all
codes and HARQ schemes. For single-rate coupling, the
code rate of L transmissions for LDPC-SR remains identical
to that of the underlying base LDPC code [27], [28].
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For LDPC-MR codes, each base LDPC parity-check matrix
H; corresponds to a code rate R; that varies across base codes.
Accordingly, the average code rate over L transmissions for
HARQ-MR, assuming the same information length for all
LDPC base codes, is given by

L
<L 1°
2w
When integrated with IR or when the information length
varies, the code rate can always be determined by the
dimensions of the parity-check matrix Hyz or Hyr-7g used
in the HARQ scheme, which has size M x N. In this case, the
average code rate is expressed as:
N-M

T

R= &)

R= ©®)
IV. PERFORMANCE RESULTS OF MULTI-RATE

COUPLED HARQ

In this section, we evaluate the bit error rate (BER) and
goodput of the HARQ system in the AWGN channel with
BPSK modulation. In all Monte-Carlo simulations included
in this manuscript, the statistics for the coupled LDPC
frames are calculated for the information bits after the
LDPC decoding. Goodput is defined as the ratio of the total
number of successfully decoded information bits to the total
number of transmitted bits, including all FEC redundancy
and retransmissions [27], [28]. It is presented as a percentage
in the figures and reflects the effective user throughput,
providing a meaningful system-level performance metric
for HARQ. Belief propagation with normalized min-sum
approximation is performed for up to 10 iterations. Sim-
ulations are conducted over at least 107 frames to ensure
the statistical reliability of the BER and goodput results.
For each figure, the simulations are repeated with the same
number of runs, and the results are averaged to obtain
stable performance curves. Therefore, sufficient statistical
validation is performed for the presented results.

A. MULTI-RATE COUPLED LDPC CODES PERFORMANCE
To evaluate the HARQ performance of multi-rate coupled
LDPC codes, all codes employ the same coupling depth
L =3, the same average code rate R = 0.455, and
an identical matrix size of 1152x2112. For comparison,
a conventional HARQ-I scheme with three repeated trans-
missions of the same (704, 320) LDPC code, also with
a code rate of 0.455, is simulated. In addition, three
HARQ-MR schemes are considered. In Scheme 1, the first
two transmissions employ relatively high code rates, followed
by a lower code rate in the third transmission: (544, 320),
(544, 320), and (1024, 320). Schemes 2 and 3 adopt a more
gradual reduction in the code rate across retransmissions.
Specifically, Scheme 2 employs codes given by (544, 320),
(640, 320), and (928, 320), as shown in Fig. 1, whereas
Scheme 3 uses (544, 320), (704, 320), and (864, 320).
These schemes are motivated by practical system consid-
erations, in which transmission typically begins at a high
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FIGURE 2. Goodput performance of HARQ-MR with coupling depth
L =3 and average code rate R = 0.455. Multi-rate coupled codes
effectively adapt the code rate under different SNR conditions.

code rate to maximize spectral efficiency. If decoding fails,
it indicates that the channel conditions cannot support the
selected rate, and a lower code rate is subsequently employed
for the next transmission to improve the overall decoding
probability. In this manner, the system operates slightly
above the channel boundary to enhance efficiency while
maintaining reliability.

As shown in Fig. 2, all the HARQ-MR schemes achieve
better goodput performance at high SNR. This is because
the multi-rate adaptation of HARQ-MR enables a lower
code-rate coupled frame to be transmitted only when errors
occur and retransmission is required. In the high-SNR region,
the probability of retransmission is reduced, resulting in
more frequent use of high code-rate transmissions. The Hyg
matrix (54446404928, 320x3) provides more balanced
performance and performs well for SNR values above 2 dB.
The focus on the high-SNR region is motivated by the fact
that, in practical communication systems, operating points
are typically designed to lie in this regime to maximize
spectral efficiency while maintaining reliable transmission.
Therefore, identifying the configuration that provides the
best performance under high-SNR conditions is of particular
importance for system design. The HARQ-MR scheme
with dimensions (544 x2+-1024, 320x3) also achieves good
performance at high SNR above 3 dB. However, its poor
performance at low SNR is primarily due to the excessively
low code rate of the third frame, which results in inefficient
redundancy allocation. This issue can be addressed by using
a slightly lower code rate for the last frame, closer to
that of the previous frames. Further discussion is provided
in later sections when HARQ-MR is combined with IR.
Overall, HARQ-MR schemes with gradually decreasing code
rates are well suited for integration with AMC, providing
high goodput at high SNR while preserving robust link
performance at low SNR.
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B. COMPARISON WITH SINGLE-RATE

COUPLED LDPC CODES

The code rate of the HARQ-MR scheme is adjustable across
different transmissions. To investigate whether the observed
performance gains originate from code-rate variation, total
block length, or the coupling effect, we simulate the BER
and goodput performance of both HARQ-MR and HARQ-
SR schemes using the same average code rate and identical
matrix size.

For comparison, a HARQ-SR scheme based on the
(704, 320) LDPC code with a coupling depth L = 3 is
simulated. This configuration results in a code rate of
0.455 and matrix size of 1152x2112, which are identical to
those of the HARQ-MR scheme. Fig. 3 compares the BER
performance of the HARQ-MR and HARQ-SR schemes.
At the same average code rate, the LDPC-SR code achieves
lower error rates than the LDPC-MR code. Consequently, the
HARQ-MR scheme does not exhibit additional performance
attributable to coupling compared with the HARQ-SR
scheme.

BER with 95% Confidence Intervals
T T T T T T

BER

- - - HARQ-I with (704,320)LDPC
10 HARQ-SR with (704x3,320x3)LDPC

=g HARQ-MR with (544+640+928, 320x3)LDPC
- - - = Uncoded BPSK

-1 -05 0 0.5 il 1.5 2 25 3 3.5
SNR [dB]

FIGURE 3. BER performance comparison of HARQ-MR and HARQ-SR with
coupling depth L = 3 and average code rate R = 0.455. Single-rate
coupled codes offer improved error-correction performance due to
spatial coupling.

However, multi-rate codes can exploit redundancy more
efficiently than a single-rate scheme. As shown in Fig. 4,
the HARQ-MR scheme achieves a higher goodput in the
high-SNR region. For HARQ based on multi-rate coupled
LDPC codes, the code rate varies with the number of retrans-
missions. As illustrated in Fig. 1, the initial transmission
uses a code rate of 0.588. If a NACK is received, a frame
with a lower code rate of 0.5 is transmitted, and if a second
NACK occurs, the code rate is further reduced to 0.345.
Consequently, the overall average code rate across the three
transmissions is 0.455. As aresult, a higher effective code rate
is utilized at high SNR, leading to increased goodput. This
demonstrates that the goodput gain of the HARQ-MR scheme
stems primarily from its dynamic code rate adaptation.
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FIGURE 4. Goodput performance comparison of HARQ-MR and HARQ-SR
with coupling depth L = 3 and average code rate R = 0.455. Multi-rate
coupled codes achieve notable goodput gains at high SNR due to varying
effective code rates.

The BER variance is estimated under the assumption of
independent bit errors, and the corresponding 95% confi-
dence intervals are obtained using a normal approximation.
For goodput, the variance and confidence intervals are
approximated using the distribution of successful packet
transmissions. The confidence intervals are observed to
be very small due to the large number of simulated
transmissions, as shown in Fig. 3 and Fig. 4. Simulations over
107 codewords yield a confidence interval of 1.23x 1078 at
a BER of 1077, and a maximum of 0.11% for the goodput.
Therefore, sufficient statistical accuracy is achieved, and
confidence intervals are omitted in subsequent figures
for clarity.

C. HARQ-IR PERFORMANCE BASED ON MULTI-RATE
COUPLED LDPC CODES

In this subsection, we compare the performance of code-rate
adaptation achieved by IR-based schemes with that of LDPC-
MR codes. Fig. 5 illustrates a HARQ-IR parity-check matrix
employing coupled LDPC codes. Each dotted box in Fig. 5
represents one transmission within the HARQ process. After
each retransmission, the size of the combined parity-check
matrix Hysg increases accordingly.

o The scheme shown in Fig. 5(a) is based on a (544 %3,
320x3) LDPC code, which corresponds to a single-rate
coupled code. When integrated with IR, all three
original codes are extended to (704,320). This con-
figuration is denoted as HARQ-SR-IR with (544x3,
320x3)~(704x3, 320%x3) LDPC codes. The same
codes are first coupled and then extended using IR. This
single-rate coupled code and the corresponding HARQ
scheme have been previously studied in [27] and [28].

o Similarly, the scheme in Fig. 5(b) is denoted as HARQ-
MR-IR with (544 x2+640, 320x3)~(704x3, 320x3).
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FIGURE 5. Sparsity pattern of LDPC codes for HARQ-SR-IR and
HARQ-MR-IR, all having a matrix size of 1152x2112. The matrices in
(a) and (b) yield the same number of parity bits and block length but
exhibit different parity-check patterns.
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FIGURE 6. Goodput performance of HARQ-MR-IR and HARQ-SR-IR, with

average code rate R = 0.455 and matrix size of 1152x2112. The proposed
HARQ-MR-IR achieved the best performance.

In this configuration, the first two codes operate at a

rate of 0.588. Only the last coupled code has a rate

of 0.5, and the coupling submatrix D, consists of one

identity matrix and one zero matrix. The multi-rate

coupling scheme enables adaptive rate control and
different coupling patterns between frames.

Fig. 6 compares the HARQ performance of the schemes

depicted in Fig. 1 and Fig. 5. In the HARQ-IR scheme,
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the initial transmission employs the (544, 320) LDPC code,
followed by an IR transmission that yields an overall
(704, 320) code. For all simulated schemes, the final effective
code rate is 0.455. Moreover, all HARQ schemes based
on coupled codes result in the same decoding matrix size
of 1152x2112. And these HARQ schemes outperform
HARQ-IR in the high SNR region when allowing at most
one additional IR transmission. The HARQ-MR scheme
achieves performance comparable to HARQ-SR-IR [28] and
HARQ-MR-IR while requiring one fewer retransmission,
since IR is not employed. The HARQ-MR-IR employs one
additional code-rate adaptation compared with HARQ-IR
and HARQ-SR-IR. A lower code rate is employed in subse-
quent transmissions, while coupling between transmissions
improves error correction for failed frames. Overall, the
HARQ-MR-IR scheme outperforms all other coupled-code-
based HARQ schemes and achieves the best performance in
the SNR region above 1 dB.

The simulation results demonstrate that the optimized
HARQ-MR-IR scheme effectively exploits the coupling
effect while dynamically adjusting the code rate through
both coupling and IR. To balance efficiency and reliability,
high-rate coupled frames are first employed to reduce the
redundant overhead in the high-SNR region. Subsequently,
a half-rate coupled frame is introduced to optimize the
coupling performance. At a code rate of 0.5, the sub-coupled
matrix adds exactly one edge from each information node
to the check node of the coupled block, thereby achieving
optimal performance. Finally, IR is applied to improve
decoding probability in the low-SNR region. This combined
strategy achieves the best overall performance across varying
channel conditions by simultaneously enhancing reliability
and goodput.

D. PERFORMANCE OPTIMISATION

Various coupling depths L are simulated for (544x
(L-1)4640, 320xL) LDPC code, as optimized for the
HARQ-MR-IR scheme in Section C. The code employs two
different rates: 0.588 and 0.5. The average rate of the overall
coupled Hysg before employing IR is given by:

L _ 0.588L
L—1 T~ ’
o + oz L +0.176

L>2. (7

As the coupling depth L increases, the average code rate
gradually approaches the initial rate of 0.588.

However, coupling enhances the successful decoding
probability of preceding erroneous frames, but it also
propagates bit errors to subsequent frames. The goodput
performance shown in Fig. 7 indicates that L > 4 does
not provide further performance gains and introduces error
propagation between coupled codewords under low-SNR
conditions. By jointly optimizing the coupling depth, code
rates, and IR, the proposed scheme achieves comparable reli-
ability at low SNR while maintaining high spectral efficiency
at high SNR.
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FIGURE 7. Goodput performance of HARQ-MR-IR, with different coupling
depth L. Increasing the coupling depth provides performance gains but
also leads to error propagation in the low-SNR region.

Accordingly, L =4 is selected as the optimized coupling
depth for the simulations. The multi-rate coupled HARQ
achieves better performance than single-rate coupled HARQ
with the same number of retransmissions, and also outper-
forms incremental redundancy schemes with adaptive code
rates under the same final code rate. The HARQ-MR with
(544 x3+640, 320x4), indicated by a solid yellow line,
is presented in Fig. 8 and Fig. 9. As shown in Fig. 8§,
the HARQ-MR scheme achieves a goodput improvement
of up to 46% over the HARQ-I scheme at 2.4 dB, and
24% over the HARQ-SR scheme at 2 dB. The performance
gain of the HARQ-MR scheme mainly originates from the
code-rate adaptation of the LDPC-MR codes, resulting in
a code rate of 0.563, which is slightly lower than 0.588.
However, the maximum number of retransmissions remains
the same as that of the HARQ-SR scheme. Additionally,
the HARQ-MR-IR with (544x3+4640, 320x4)~(704x4,
320x4)~(1024 x4, 320x4) representing HARQ-MR with
two additional IR retransmissions, is indicated by the solid
green line. The HARQ-MR-IR achieves the best performance
above 1 dB and remains comparable to other methods across
the full SNR range. Specifically, the HARQ-MR-IR scheme
provides goodput gains of up to 10% and 4% over HARQ-IR
and HARQ-SR-IR [28] at 2.4 dB and 2 dB, respectively.
Figure 9 further demonstrates that, at a BER of 10~7 and with
all schemes operating at the same final code rate and block
length, the HARQ-MR-IR achieves SNR gains of 0.5 dB
and 0.2 dB compared to HARQ-IR and HARQ-SR-IR [28],
respectively.
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FIGURE 8. Goodput performance of HARQ based on optimised coupled

LDPC codes. The proposed HARQ-MR-IR outperforms all other schemes
and is especially effective in the high-SNR region.
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FIGURE 9. BER performance of HARQ based on optimised coupled LDPC
codes. The proposed HARQ-MR-IR provides additional coding gain.

E. APPLICATION TO MULTI-LENGTH

COUPLED LDPC CODES

In practical scenarios, the data length may vary over time. For
HARQ schemes based on 5G LDPC codes, this variability
can be addressed not only through rate-matching design but
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also by selecting an appropriate shift size Z to minimize
data padding. Furthermore, multi-rate coupled LDPC codes
can be extended to operate as multi-length coupled LDPC
codes, enabling coupling across codewords of different
data lengths. This flexibility improves spectral efficiency
by reducing redundancy and dynamically adapts the frame
size. As an example, we consider an initial transmission
in which a (1024, 704) LDPC code based on BG1, with a
code rate of 0.688, is transmitted, and a NACK is received.
For retransmission, HARQ is employed, and a lower rate
is applied to the next frame to improve reliability. Three
possible frame lengths are considered in the design of the
coupled LDPC codes:

1) For 704 data bits, a (1408, 704) codeword with a code
rate of 0.5 is transmitted and coupled with the initially
transmitted (1024, 704) codeword.

2) For 352 data bits, a (800, 352) codeword with a code
rate of 0.44 is transmitted and coupled with the initially
transmitted (1024, 704) codeword.

3) For 1408 data bits, a (2624, 1408) codeword with a
code rate of 0.537 is transmitted and coupled with the
initially transmitted (1024, 704) codeword.

In all three cases, the average code rate over the two
transmissions is 0.579. The proposed HARQ scheme can be
dynamically applied in multi-rate and multi-length scenarios
with robust performance. The BER performance for those
three cases is illustrated in Fig. 10. All examples 1), 2), and
3) exhibit comparable overall performance. The decoding
matrix size of the HARQ scheme causes slight differences
in BER. Specifically, larger matrices correspond to longer
codewords and yield more reliable decoding. The goodput
performance in Fig. 11 remains stable across variations
in data length, indicating that the strategy is robust and
can be effectively applied across diverse communication
scenarios. As a result, the scheme can better accommodate
dynamic traffic patterns while maintaining reliable decoding
performance.

V. HARQ EVALUATION AND DECODING

MECHANISMS ANALYSIS

In this section, we analyze the latency, memory usage,
and computational complexity of the proposed HARQ-MR
and HARQ-MR-IR schemes. These metrics are further
compared with those of conventional HARQ-I, HARQ-IR,
and HARQ-SR or HARQ-SR-IR schemes to highlight the
trade-offs between performance and system efficiency. In
particular, the time and space complexity of the proposed
HARQ scheme based on multi-rate SC-LDPC codes are
analyzed and discussed. Furthermore, decoding performance
improvement mechanisms are analyzed, and it is shown
that the performance gain mainly arises from integrating
multi-rate coupled codes with retransmission strategies.

A. LATENCY

In this subsection, we analyze the latency introduced by
different HARQ schemes. Let Q denote the maximum
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FIGURE 10. BER performance of HARQ based on multi-rate and
multi-length coupled LDPC codes. Performance improves with increasing
total block length at a fixed code rate.
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FIGURE 11. Goodput performance of HARQ based on multi-rate and
multi-length coupled LDPC codes. The proposed HARQ framework
demonstrates consistent and robust performance across the entire tested
SNR range.

number of transmissions allowed for a single codeword.
For the HARQ-MR and HARQ-SR scheme, the maximum
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number of transmissions is equal to the coupling depth,
ie., @ = L. For the HARQ-MR-IR and HARQ-SR-IR
schemes, the maximum number of transmissions increases
according to the number of IR transmissions employed.
To quantify latency, we define the age of information (Aol)
of a frame as the total number of transmissions required
for successful decoding. In the simulations, a total of
1000 frames, each consisting of 320 data bits, are transmitted.
The Aol is computed as the average number of transmissions
across all frames, evaluated only after all 1000 frames have
been correctly decoded.

=& HARQ-MR-IR, L=2, Q=4
= ® 'HARQ-SR-IR, L=2, Q=4
HARQ-MR-IR, L=4, Q=6

35 HARQ-SR-IR, L=4, Q=6
—&—HARQ-IR, Q=3
3f —A—HARQ-|, Q=10

Age of Information (Number of Transmissions)

SNR [dB]

FIGURE 12. Average age of information (Aol) of different HARQ schemes.
The proposed HARQ-MR scheme with coupling depth L = 2 achieves the
lowest latency for SNR above 2 dB.

We simulate the Aol performance of the HARQ schemes
with an initial code rate of 0.588 and two additional IR
transmissions at code rates of 0.455 and 0.313, as shown
in Figs. 8 and 9, while varying only the coupling depth
L of the coupled code. The results in Fig. 12 show that
the HARQ-MR-IR scheme with coupling depth L = 2
achieves the lowest average Aol in the high-SNR region
(above 2 dB). This demonstrates that multi-rate coupling
improves successful decoding and reduces the Aol. The
HARQ-I scheme is limited to a 2.5 dB threshold by its
fixed code rate (0.588) and short block length (544 bits).
Since failed packets are discarded, increasing retransmissions
provides no additional coding or power gain. Under the
same final code rate, matrix size, and maximum number
of transmissions, the HARQ-MR-IR scheme achieves a
lower Aol than the HARQ-SR-IR scheme. Nevertheless,
all proposed HARQ-MR-IR and HARQ-SR-IR schemes
successfully decode all 1000 frames down to an SNR of
0.25 dB, the same as the HARQ-IR scheme. As the coupling
depth L increases, the goodput performance improves in the
high-SNR region, as shown in Fig. 7, but the average Aol also
increases. Additionally, decoding complexity and memory
usage rise rapidly, as discussed in a later subsection.

B. MEMORY AND RESOURCE USAGE

The memory usage of all the coupled LDPC codes for HARQ
is similar to that of HARQ-IR. All incorrectly decoded frames
must be stored at the receiver for subsequent re-decoding with
the retransmitted frames. As the coupling depth L increases,
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memory grows linearly by a factor of L to buffer all
uncoded frames.

For decoding hardware resource usage, all coupled frames
must be decoded simultaneously, which increases hardware
requirements by a factor of L relative to standard LDPC
decoding and HARQ strategies. However, this additional
hardware is not wasted when HARQ is not employed. The
same resources can be used to parallel-decode multiple
standard LDPC codewords, thereby increasing decoding
throughput by up to a factor of L. The proposed coupled
LDPC codes introduce only the coupling matrix D without
modifying the original parity-check matrix H. By enabling or
disabling D, the decoder can easily switch between standard
LDPC decoding and coupled decoding. In other words, apart
from the resources used for parallel decoding, the additional
hardware and computational complexity introduced by cou-
pling are limited. This aspect is further investigated in the
following subsection.

C. COMPUTATIONAL COMPLEXITY

For HARQ schemes based on retransmission of a fixed
LDPC code or IR, each received frame is decoded inde-
pendently, and the decoding procedure is repeated for each
retransmission. Although the decoding complexity for each
transmission does not increase significantly in conventional
HARQ, the total computational cost per frame grows with
the number of retransmissions. In contrast, HARQ schemes
based on coupled codes require decoding two or more frames
simultaneously, thereby increasing decoding complexity.
However, the total computational cost per frame remains
comparable to that of conventional HARQ.

As the coupling depth L increases, the size of the
coupled LDPC matrix increases correspondingly. Efficiently
decoding coupled LDPC codes with a single-block decoder
and the coupling structure is therefore an effective way to
reduce complexity. Although overall complexity increases
with larger matrix sizes, per-frame decoding complexity
remains essentially unchanged. The layered min-sum (LMS)
algorithm can be viewed as partitioning the decoding
process into multiple smaller block decoders. By applying
the min-sum approximation, this approach achieves rapid
convergence and reduced computational complexity, making
it particularly suitable for coupled LDPC codes.

In this subsection, we analyze the total computational com-
plexity and the average per-iteration decoding complexity
of different HARQ schemes. The analysis focuses on the
additional decoding cost introduced by the coupling matrix D.
For the LMS algorithm, one decoding iteration is defined
as the update of all £ edges (or equivalently, all m check-
node rows) in the Tanner graph, where the symbol E is the
number of edges [29]. The average variable-node degree and
the average check-node degree are given by d, = E/n and
d. = E/m, respectively. For simplicity, we first evaluate
the total computational complexity of the HARQ schemes
for a coupling depth L = 2. The decoding complexity of
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conventional HARQ schemes can be expressed as:

H,
L R

which results in the independent decoding of two codewords.
Compared with the coupled LDPC code in (3), only an
additional coupling matrix D is introduced. As a result, the
total edges and average check-node degree of Hyr become:

E' =E+Fk, 9)
E+K k'
d = ; =de+ =, (10)

where E is the total number of edges, d. is the average
check-node degree, and m is the total number of check nodes
(rows), all determined from the matrix in (8). The parameter
m remains unchanged when coupling is introduced in (3),
and k' denotes the number of additional edges introduced
by the coupling matrix Dj. This coupling matrix has a
truncated identity structure and contains only k| edges, where
ki represents the information length of the first codeword.
Consequently, for coupling depth L = 2, the coupled matrix
Hyr increases by only k¢’ = k; edges. For a coupling depth L,
the total number of increased edges is:

K'=ki+k+-+kp—1, (1)

where ki, k2, - - -, kp—1 denote the information lengths of the
first, second - - -, (L — 1)th codewords. Compared with the
original total number of edges, the additional edges are much
fewer, resulting in only a limited increase in complexity.
The computational complexity is evaluated using the number
of additions and comparisons in the LMS algorithm as the
metric [29], as summarized in Table 1.

TABLE 1. Complexity of Different HARQ Schemes per Iteration.

Algorithm HARQ strategy Add Comparson
HARQ-I/HARQ-IR 2E m(2d. — 3)
LMS HARQ-SR/MR ; o
HARQ-SRIRMRIR  2(F+K)  m(2(de +55) = 3)
1.15
=
3
s 11r
£
Q
o
k]
o 1.05F
T
4
1 ‘ ‘ ‘ ‘ ‘ ‘ ‘
0.1 0.2 0.3 0.4 05 0.6 0.7 0.8 0.9

Code Rate R

FIGURE 13. Complexity ratio of the proposed HARQ relative to
conventional HARQ for different code rates, with coupling depth L =2,
independent of the lifting size Z. The additional computational
complexity remains below 15%.

To quantify the relative increase in decoding complexity
introduced by the coupled codes for 5G NR LDPC BG1 and
BG2, we compute the ratio of the computational complexity
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FIGURE 14. Complexity ratio of the proposed HARQ relative to

conventional HARQ for different coupling depth, with average code rate

R = 0.455, independent of the lifting size Z. The additional computational
complexity remains below 13%.

of the proposed coupled codes to the original LDPC codes
within the HARQ scheme. The complexity is measured as
the total number of additions plus one-half of the number
of comparisons [29]. As shown in Fig. 13, for a coupling
depth of L = 2, the relative increase in complexity for codes
generated by BG1 and BG2 depends only on the code rate,
ranging from 3% to 15%. It is independent of the lifting
size Z, which implies that as the block length increases, the
complexity grows proportionally.

For different coupling depth L, the HARQ-MR-IR scheme
based on (544x(L — 1)4640, 320xL)~(704xL, 320xL)
codes are simulated. The complexity analysis in Fig. 14
shows that the relative increase remains below 13%, com-
pared with the computational complexity and hardware
resources required for parallel decoding of L codewords.
In practical decoder design for HARQ with coupled codes,
the total complexity can be approximated as L times the
complexity of parallel decoding, with only a proportional
increase in overhead due to coupling.

A quantitative analysis of both time and space complexity
is essential to characterize how the complex growth of
the coupled codes as the coupling depth L increases. For
standard LDPC decoding, each iteration involves message
updates over all edges in the graph. Consequently, the
computational complexity per iteration scales linearly with
total edges E, and the overall time complexity is given
by O - E), where I denotes the number of decoding
iterations. The memory requirement is also dominated by
the storage of messages associated with each edge, leading
to a space complexity of O(E). For multi-rate spatially
coupled LDPC codes, the decoding process follows a similar
message-passing framework over a structured Tanner graph
with spatial coupling. When L codewords are coupled
together, the total number of edges increases approximately
by a factor of L, resulting in E - L edges. In addition,
the spatial coupling introduces extra connections k. When
full-block decoding is employed, the asymptotic time and
space complexities, expressed in Big-O notation, become
O(I -(E-L+k")) and O(E-L+k'), respectively. Therefore, this
confirms that the primary source of complexity growth arises
from the parallel decoding of L codewords. The analysis
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demonstrates that the proposed multi-rate coupled LDPC
codes preserve a linear growth in time and space complexity
compared to conventional LDPC codes. Accordingly, the
computational complexity scales linearly with the code
length, i.e., O(n). The additional complexity introduced by
the proposed HARQ scheme is primarily associated with
the decoder of the coupled codes. Therefore, the proposed
scheme results in only a limited increase in complexity
over standard HARQ and parallelized LDPC decoding
architectures.

D. DECODING PERFORMANCE IMPROVEMENT
MECHANISMS

In this section, the impact of coupled transmissions and
coupled codes on overall system performance is compared
and analyzed. SC-LDPC codes have been widely studied,
including their threshold saturation behavior, construction
methods, and finite-length performance [30]. Through spatial
coupling and their convolutional structure, they enable practi-
cal decoding to achieve near-capacity performance [9], [30].
In this work, the improvement in decoding performance
mainly arises from integrating SC-LDPC codes with retrans-
mission strategies. By converting coupled codes into coupled
transmissions, the performance gain can be attributed to
channel diversity, as the coupled decoding structure is applied
when decoding failures occur in previous transmissions.
Furthermore, multi-rate coupled codes are integrated with
HARQ to further enhance performance.

The performance of the proposed coupled codes is evalu-
ated both as a standalone error-correction scheme and when
integrated into a dedicated coupled HARQ framework. First,
the error performance of the proposed SC-LDPC codes is
evaluated without employing any HARQ mechanism. In this
configuration, the coupled codes are applied throughout
the entire transmission phase. For a fair comparison, the
same SC-LDPC codes are also employed within the HARQ
scheme. In this case, the standard LDPC code is used for the
initial transmission, while the coupled codewords are utilized
only during the retransmission phase.

Specifically, a single-rate coupled LDPC code derived
from the original (544, 320) LDPC code with a coupling
depth of L = 2 is considered. In addition, a multi-rate coupled
LDPC code with configuration (544 + 640, 320 x 2) and
coupling depth L = 2 is evaluated. Fig. 15 compares the
BER performance of the standalone coupled codes and their
performance when integrated with HARQ.

In Fig. 15, all coupled LDPC codes provide performance
gains over the original LDPC code, while the HARQ
scheme with coupled codes achieves the best performance.
Specifically, the standalone LDPC-SR codes provide 0.1 dB
SNR gain at a BER of 10~* compared with the original
LDPC code, while introducing a noticeable increase in
computational complexity. In contrast, when the same
LDPC-SR codes are integrated into the HARQ framework,
the selective use of spatial coupling only upon decoding
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FIGURE 15. BER performance comparison of standalone coupled codes
and a dedicated HARQ scheme with coupling depth L = 2, considering the
effective code rate of HARQ-MR. The proposed HARQ-MR scheme
achieves performance gains over the corresponding coupled codes and
enables flexible code rate adaptation according to the SNR.

failure significantly improves the decoding performance,
achieving an SNR gain of 0.5 dB at a BER of 107%,
while avoiding unnecessary complexity in successful trans-
missions. For multi-rate cases, the standalone LDPC-MR
codes and the HARQ-MR scheme exhibit similar overall
performance. However, the HARQ-MR scheme achieves
better performance in the high-SNR region and maintains
waterfall behavior, providing approximately a 0.3 dB SNR
gain at a BER of 1079,

For the original LDPC code as well as the standalone
LDPC-SR and LDPC-MR codes, the code rate remains
fixed. This is mainly because the coding scheme is applied
uniformly across all codewords. A single rate is employed for
HARQ-SR, so the code rate also remains fixed. In contrast,
for HARQ-MR specifically, the initial codeword is transmit-
ted at a higher code rate. When HARQ is not triggered, the
effective code rate in the high-SNR region is close to 0.588,
as shown in Fig. 15. When retransmissions are required,
the effective code rate approaches the final average value
of approximately 0.54. This adaptive coding mechanism
improves transmission efficiency and yields greater goodput
gains at high SNR, where higher code rates are more
frequently used. Consequently, SC-LDPC-based HARQ
schemes achieve substantially larger performance gains than
the standalone SC-LDPC configurations, demonstrating that
spatial coupling is most effective when applied adaptively in
response to decoding failures rather than being used in every
transmission. Multi-rate coupled HARQ schemes further
employ adaptive, flexible code rate control, yielding even
greater performance gains.

VI. LIMITATIONS AND FUTURE WORK

Despite the promising performance of the proposed HARQ
scheme based on SC-LDPC codes, some limitations should
be acknowledged. First, SC-LDPC codes introduce higher
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decoding complexity due to the coupling between multiple
component blocks, requiring iterative belief propagation over
a larger graph, which increases computational load and
memory usage compared to conventional block LDPC codes.
From an implementation perspective, SC-LDPC decoders
require substantial hardware resources, including parallel
processing capability, memory, and interconnect support.
Moreover, the integration of HARQ control further intro-
duces additional overhead in buffer management, retransmis-
sion control, and signaling. Second, latency and performance
must be carefully balanced, as increasing the coupling depth
can improve performance but also increase the retransmission
delay. Furthermore, the optimal coupling patterns should
be carefully verified under different channel conditions.
While SC-LDPC codes generally exhibit robust performance,
we observed that in some cases their performance may
vary across channel realizations, as demonstrated under the
Rayleigh fading channel considered in [28].

Future research can extend in several directions. From a
theoretical standpoint, further analysis of decoding thresh-
olds and convergence properties for multi-rate SC-LDPC
codes under varying channel conditions would provide
deeper insights into their performance limits. Optimizing
the coupling structure, including connection patterns, edge
distributions, and node degree in the Tanner graph, is also
a promising direction for enhancing decoding efficiency
and robustness. On the implementation side, the hardware
realization of both the HARQ scheme and the SC-LDPC
decoder remains a challenge for future work. Efficient FPGA
or ASIC architectures can be developed to accelerate iterative
decoding while mitigating memory access bottlenecks.
Techniques such as parallelization, loop unrolling, pipelining,
message passing, and memory optimization can be explored
to improve throughput and reduce latency. Joint design
of the HARQ control unit and decoder architecture can
be investigated to reduce implementation complexity and
signaling overhead. Moreover, the proposed framework can
be extended to other coding schemes, such as polar codes.
Finally, adaptive modulation and coding schemes can be
integrated with HARQ, potentially enhanced by machine
learning-based approaches for channel estimation, link
adaptation, and retransmission control, to further improve
system reliability and spectral efficiency in dynamic wireless
environments.

VII. CONCLUSION

The presented HARQ scheme based on multi-rate coupled
LDPC codes provides a practical extension of 5G NR
LDPC matrices, enabling dynamic rate adaptation. Multi-rate
coupling is enabled at the frame level, and the parity-check
matrices are dynamically modified within the HARQ
framework, resulting in improved performance. The proposed
scheme improves both reliability and goodput when
combined with incremental redundancy (IR). In particular,
the multi-rate HARQ-IR outperforms single-rate HARQ-
IR by up to 4% in goodput within the 2.0-2.4 dB range.
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Furthermore, the proposed multi-rate coupling structure
yields a 0.2 dB SNR improvement over the single-rate
design at a BER of 1077. These results confirm the
effectiveness of multi-rate coupling for enhancing HARQ
performance in future wireless systems. Finally, we analyze
the latency, memory usage, and computational complexity
of the proposed HARQ schemes. At high SNR, the average
age of information (Aol) is minimized with a coupling
depth of L = 2. As the coupling depth increases, a trade-
off must be considered among performance, latency, and
computational complexity. By supporting different data
lengths and code rates within the coupled structure, the design
adapts to variable frame sizes while maintaining strong error-
correction capability. HARQ schemes based on multi-rate
and multi-length coupled LDPC codes provide a flexible
and efficient solution for reliable communication over time-
varying channels. These properties are particularly suitable
for next-generation applications associated with both service
categories URLLC and eMBB, since ultra-reliability and high
data rates can be achieved simultaneously.

REFERENCES

[1] P. Yuan, M. Médard, K. Galligan, and K. R. Duffy, “Soft-output (SO)
GRAND and iterative decoding to outperform LDPC codes,” IEEE Trans.
Wireless Commun., vol. 24, no. 4, pp. 3386-3399, Apr. 2025.

[2] Y.-J. Wang, Z.-Y. Xiao, Y. Zhang, X.-Y. Xiong, and S. Shi, “Construction
of multiple-rate quantum LDPC codes sharing one scalable stabilizer
circuit,” IEEE Trans. Commun., vol. 71, no. 2, pp. 1071-1082, Feb. 2023.

[3] M. Rowshan, M. Qiu, Y. Xie, X. Gu, and J. Yuan, “Channel coding toward
6G: Technical overview and outlook,” IEEE Open J. Commun. Soc., vol. 5,
pp. 2585-2685, 2024.

I.-C. Park, K. Choi, H. Jang, and J. Baek, “Multiple-resolution decoding

architecture for QC-LDPC codes,” IEEE Trans. Circuits Syst. I, Reg.

Papers, vol. 72, no. 11, pp. 7211-7224, Nov. 2025.

[5] R.Santos, D. Castanheira, A. Silva, and A. Gameiro, ‘“Pipelined multi-user

IR-HARQ scheme for improved latency performance in URLLC,” IEEE

Access, vol. 12, pp. 33473-33485, 2024.

D. Chang, Q. Peng, G. Wang, and G. Yan, “A cross-layer schedul-

ing method for pipelined layered multi-edge type QC-LDPC decoder

with better conflict resolution,” IEEE Commun. Lett., vol. 29, no. 6,

pp. 1385-1389, Jun. 2025.

Y. Fu, A. Lozano, and H. Yang, ““Variable-rate incremental-redundancy

HARQ for finite blocklengths,” IEEE Open J. Commun. Soc., vol. 6,

pp. 1413-1422, 2025.

[8] X.Ma, Q. Wang, S. Cai, and X. Xie, “Implicit partial product-LDPC codes
using free-ride coding,” in Proc. IEEE Int. Conf. Commun., May 2022,
pp. 2471-2476.
[9] Z.He, K. Peng, andJ. Song, ‘‘Rate-compatible length-scalable quasi-cyclic

spatially-coupled LDPC codes,” IEEE Trans. Broadcast., vol. 71, no. 1,
pp. 81-95, Mar. 2025.

[10] Y. Shi, L. Jing, X. Jia, P. Ji, and N. Wan, “Improvement on age of
information for information update systems with HARQ chase combining
and sensor harvesting-transmitting diversities,” IEEE Access, vol. 9,
pp. 78035-78049, 2021.

[11] E E. Airod, H. Chafnaji, and H. Yanikomeroglu, “HARQ in full-duplex
relay-assisted transmissions for URLLC,” IEEE Open J. Commun. Soc.,
vol. 2, pp. 409-422, 2021.

[12] Y. Shiomitsu, E. Okamoto, M. Mikami, and H. Yoshino, *Per-
formance improvement of time-division duplex-based 5G URLLC
by early retransmission control of HARQ,” IEEE Access, vol. 13,
pp. 216523-216533, 2025.

[13] B.S.Khan, S.Jangsher, A. Ahmed, and A. Al-Dweik, “URLLC andeMBB

in 5G industrial IoT: A survey,” IEEE Open J. Commun. Soc., vol. 3,

pp. 1134-1163, 2022.

[4

[l

[6

—

[7

84683



IEEE Access

Y. Jian et al.: Optimized HARQ Schemes Employing Multi-Rate Coupled LDPC Codes

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

S.R. Alj, S. Abidrabbu, H. M. Furqan, and H. Arslan, ““A joint framework
of HARQ and RSMA for Aol minimization,” IEEE Internet Things J.,
vol. 12, no. 18, pp. 37500-37511, Sep. 2025.

Z. Yang, X. Yu, Y. Hu, Y. Fang, and Y. L. Guan, “Nested root-protograph
LDPC-coded multilevel-priority IR-HARQ systems: A new design for
multi-stream transmissions with non-ergodic block fading,” IEEE Trans.
Commun., vol. 73, no. 11, pp. 10130-10144, Nov. 2025.

D. Wang, X. Liu, C. Xu, S. X. Ng, and L. Hanzo, “‘Rate-compatible polar-
and LDPC-coded hybrid ARQ aided reverse reconciliation in CV-QKD,”
IEEE Open J. Veh. Technol., vol. 7, pp. 432446, 2026.

W. Ding and M. Shikh-Bahaei, “DNN-based RV-adaptive HARQ for
low-latency communications,” IEEE Trans. Veh. Technol., vol. 74, no. 6,
pp. 9927-9931, Jun. 2025.

F. Nadeem, C. Yue, K. Wang, and M. Shirvanimoghaddam, ‘“Low
complexity early termination HARQ for URLLC: Analysis and neural
network design,” IEEE Trans. Commun., vol. 74, pp. 123-138, 2025.

D. G. M. Mitchell, P. M. Olmos, M. Lentmaier, and D. J. Costello, “Spa-
tially coupled generalized LDPC codes: Asymptotic analysis and finite
length scaling,” IEEE Trans. Inf. Theory, vol. 67, no. 6, pp. 3708-3723,
Jun. 2021.

O. Griebel, B. Hammoud, and N. Wehn, “Adaptive sliding window
decoding of spatially coupled low-density parity-check codes: Algo-
rithms and energy efficient implementations,” IEEE Access, vol. 12,
pp. 191140-191161, 2024.

Y. Ren, L. Zhang, Y. Shen, W. Song, E. Boutillon, A. Balatsoukas-
Stimming, and A. Burg, “Edge-spreading raptor-like LDPC codes
for 6G wireless systems,” [EEE Trans. Commun., vol. 73, no. 11,
pp. 10001-10017, Nov. 2025.

X. Ma, C. Liang, K. Huang, and Q. Zhuang, “Block Markov super-
position transmission: Construction of big convolutional codes from
short codes,” IEEE Trans. Inf. Theory, vol. 61, no. 6, pp. 3150-3163,
Jun. 2015.

S. Zhao, J. Wen, S. Mumtaz, S. Garg, and B. J. Choi, “Spatially
coupled codes via partial and recursive superposition for industrial IoT
with high trustworthiness,” IEEE Trans. Ind. Informat., vol. 16, no. 9,
pp. 6143-6153, Sep. 2020.

Q. Wang, S. Cai, L. Chen, and X. Ma, “A throughput-enhanced HARQ
scheme for 5G system via partial superposition,” IEEE Commun. Lett.,
vol. 24, no. 10, pp. 2162-2166, Oct. 2020.

Q. Wang, S. Cai, W. Lin, S. Zhao, L. Chen, and X. Ma, ““Spatially coupled
LDPC codes via partial superposition and their application to HARQ,”
IEEE Trans. Veh. Technol., vol. 70, no. 4, pp. 3493-3504, Apr. 2021.

J. Yang, Q. Wang, Z. Tan, C. Li, and X. Ma, “Enhanced 5G LDPC codes
and their HARQ scheme: Design and performance analysis,” Tsinghua Sci.
Technol., vol. 31, no. 3, pp. 1578-1594, Jun. 2026.

Y. Jian, L. Lopacinski, and E. Grass, ‘‘Packet superposition HARQ scheme
enabled by LDPC coupled codes,” in Proc. IEEE Wireless Commun. Netw.
Conf. (WCNC), Mar. 2025, pp. 1-6.

Y. Jian, L. Lopacinski, and E. Grass, ‘‘Performance analysis of an advanced
HARQ scheme based on LDPC coupled codes,” in Proc. IEEE 101st Veh.
Technol. Conf. (VTC-Spring), Jun. 2025, pp. 1-6.

X. Jia, Y. Zhou, Z. Qin, J. Zhu, and Z. Wang, “Reduced
complexity dynamic schedule for layered decoding of LDPC
codes,” IEEE Trans. Veh. Technol., vol. 74, no. 8, pp. 13156-13160,
Aug. 2025.

R. Sokolovskii, A. Graell i Amat, and F. Brinnstrom, ‘Finite-length
scaling of SC-LDPC codes with a limited number of decoding iter-
ations,” IEEE Trans. Inf. Theory, vol. 69, no. 8, pp.4869-4888,
Aug. 2023.

84684

YIYUN JIAN received the B.S. degree in opti-
cal information science and technology and the
M.S. degree in instrumentation engineering from
Beijing Institute of Technology, China, in 2013.
She is currently pursuing the Ph.D. degree with
Humboldt University of Berlin, Germany.

From 2013 to 2018, she was an Engineer on
the Ocean Bottom Seismometer Projects with the
Institute of Geology and Geophysics, Chinese
Academy of Sciences. Since 2022, she has been
a Scientist with the Leibniz-Institut fiir innovative Mikroelektronik (IHP),
Germany. Her research interests include high-performance MAC layer
design, FPGA implementation, HARQ, LDPC, and SC-LDPC channel
coding, and integrated sensing and communication systems.

LUKASZ LOPACINSKI received the M.Sc. degree
in computer science from the West Pomeranian
University of Technology in Szczecin, Poland,
in 2009, and the Ph.D. degree from Brandenburg
University of Technology Cottbus—Senftenberg,
Germany, in 2017. From 2007 to 2013, he was
with industrial companies in the fields of
embedded systems and wireless communication.
From 2013 to 2016, he was a Research Assistant
with Brandenburg University of Technology
Cottbus—Senftenberg. Since 2016, he has been with IHP Microelectronics,
Frankfurt an der Oder, Germany.

ECKHARD GRASS received the Dr.-Ing. degree
in electronics from Humboldt University of Berlin,
Germany, in 1993.

He was a Visiting Research Fellow with Lough-
borough University, U.K., from 1993 to 1995,
and a Senior Lecturer of microelectronics with
the University of Westminster, London, UK.,
from 1995 to 1999. Since 1999, he has been
with IHP, leading several projects on the imple-
mentation of wireless broadband communication
systems. He is currently the Team Leader of the Wireless Broadband
Communications Group, IHP, and a Professor with the Department of
Computer Science, Humboldt University of Berlin. He has published over
100 papers at international conferences and journals. He was actively
involved in the definition of the 60 GHz standards IEEE802.15.3c
and IEEE802.11ad. Since 2014, he has been involved in the definition
and development of 5G, coordinating several European projects. His
research interests include wireless broadband communication systems, 6G
technologies, joint communication and sensing techniques (JCAS), and
digital signal processing algorithms and architectures.

VOLUME 14, 2026



