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Abstract. This research investigates the simulation performance of a layered Quasi-Cyclic Low-Density
Parity-Check (QC-LDPC) decoder intended for Ultra-Reliable Low-Latency Communication (URLLC)
applications in 5G New-Radio (NR) standards. The proposed work focuses on short block-length QC-LDPC
codes (280,176) to meet the dual challenge of achieving ultra-low latency (<Ims) while maintaining high
reliability. LDPC codes have traditionally excelled at longer code lengths; this study demonstrates the
effectiveness of LDPC codes in short-length contexts through architectural optimization utilizing a layered
decoding approach, which provides improved convergence speed and reduced latency compared to
traditional flooding techniques. The baseline QC-LDPC decoder performs better in terms of Bit Error Rate
(BER) and Block Error Rate (BLER) with only 7 iterations. For a target BLER of 1072 the decoder
outperforms reference shorter codes (K40, K64) with an E®No gain of up to 0.9 dB.

1 Introduction

The challenge of unreliable or noisy channels has
limited effective communication since the early days of
the information theory and telecommunication systems
in general. The problem has increased significantly with
the proliferation of cellular connectivity and the
exchange of sensitive data [1]. The first ECC was
invented in 1950 by Richard Hamming to detect and
correct errors that occur while transmitting data through
noisy channels [2]. The message in the error control
system of the ECC is embedded with redundant data in
order to avoid any possible errors of the message in the
encoding part. The decoding process automatically
detects and corrects the faults during the transmission of
data [3].

There have been significant enhancements in the
error correction procedure within the 5G domain. This
process includes CRC (Cyclic Redundancy Check)
check, which compute a short, fixed size checksum from
the information packet [4]. CRC check recalculates the
check-sum and compares with received one to validate
the integrity of data [4]. A long data stream is to be
segmented into smaller segments [5], which is the goal
of block segmentation. In contrast, block concatenation
is the merging of partial data sub-sets into a continuous
original streamed one. Rate matching is used to match
data rates between different system components, which
allows for efficient data transmission and prevents some
system regions from being overloaded [6]. Bit
interleaving consists of concatenating bits from the
different source data streams into one according to a
predetermined pattern to enhance the error resilience.
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The decoding capabilities are described by the
metrics Bit Error Rate (BER) and Signal-to-Noise Ratio
(SNR) [7]. The SNR is defined as the ratio of signal
power to noise power and the BER is defined as the ratio
of the number of bits that are not corrected to the total
number of transmitted bits. The big gain of coding
theory is to obtain lower SNRs for the same BER [7].

LDPC codes are the important codes in the current
standards such as the second generation satellite digital
video broadcast (DVB-S.2) and 5G-NR wireless
communication. Recently, they are being used in the
latest telecommunication systems, for instance the
Consultative Committee for Space Data Systems
(CCSDS) [8]. The min-sum algorithm is a simple
iterative decoding algorithm for LDPC codes and was
first proposed as a simplification of the Belief
Propagation (BP) algorithm [8]. It is efficient and
relatively easy to compute, which is why it is a common
choice for practical applications.

To improve performance, enhanced versions like
Offset Min-Sum (OMS) [9], Approximate Min-Sum
(AMS), and Scaling Min-Sum (SMS) have been
developed utilizing further approximations [10]. The
OMS algorithm subtracts an offset value from the
message transmission process in an attempt to make the
error setup more accurately. AMS makes the min-sum
calculations more straightforward by applying
approximations, which may render them Iless
complicated to compute. Lastly, SMS uses scaling
factors on the messages to make decoding operate more
efficiently.

The quickly growing field of 5G and other wireless
communication technologies has led to the complicated
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idea of URLLC. Communication networks need to have
very low latency, less than 1 ms, for applications such
as industrial automation, self-driving cars, and remote
surgery [11]. Therefore, we need powerful and effective
error correction coding solutions to achieve these high
and simultaneous demands.

Traditionally, large codeword widths have been
preferred to achieve the best performance via LDPC
codes [12], but the latency requirement of URLLC
implies that small block lengths are required. Recent
research studies have investigated the possibility of
LDPC codes specifically tailored and evaluated for
URLLC contexts defined by small block lengths [13].
The offset min-sum technique along with other layered
decoding architectures have shown that they can decode
more effectively and converge faster than classic
flooding-based algorithms [14]. This makes them ideal
for situations where latency is important.

This paper addresses the critical need for a low-
latency and effective QC-LDPC decoding solution that
works well with short block lengths within URLLC
requirements. With a focus on the code (280,176),
which corresponds to 22 bytes, that aligns with typical
URLLC short-packet constraints for critical control
messaging and industrial sensor data. Therefore, the
proposed decoder&#x2019;s performance was tested
against other short-length codes with K140 and K =64
information bits [13].

Our main contributions are listed as follows:

- Performance Analysis of a Layered QC-
LDPC Architecture for Short Block
Lengths: We present a detailed performance
study of a layered QC-LDPC decoder tailored
to the strict requirements of URLLC, with a
particular emphasis on short codeword lengths
(280,176), where reliability and latency
constraints are most challenging.

- Design Insights for URLLC: We derive
practical design insights that guide the
selection of key parameters, such as the
optimal number of decoding iterations (7,
offering a good trade-off between reliability
and latency) and appropriate quantization
levels for the layered decoder, both of which
are essential to satisfy the stringent latency
constraints imposed by URLLC [15].

2 LDPC Codes in 5G-NR

LDPC codes are integrated into 5G specifications due to
their exceptional error correcting capabilities for
extensive lengths of codeword and inherent parallelism
for hardware implementation. They define a sparse
MxN Parity-Check Matrix (PCM) H that has a
significantly lower quantity of s relative to 0s. Let Hj;
denote the element in the i-th column and j-th row of the
matrix H, where N-M =K represents the total amount
of information bits and M signifies the number of parity
bits, with the code rate expressed as R=K/N.
Additionally, N and M denote the quantities of variable
nodes (VNs) and check nodes (CNs), respectively. The

j-th column denotes the j-th variable node (v;), whereas
the i-th row signifies the i-th check node (ci).

Considering C = [x1, X2, ..., Xn], where xi € [0,1], C
is a codeword if and only if:

HC =0 (1)

The weight (d.i, dvi) is referred to as the quantity of
1s in the respective rows and columns. LDPC codes are
categorized into two types: a regular code, where both
d.i and dvi remain constant, and an irregular code, which
does not adhere to this criteria. In each cycle, the sum-
product algorithm (SPA) calculates the extrinsic
information for every node based on the data obtained
from its associated nodes:

I, = log(P(x=0[r}) / P(x=1|r)) = 2Y/o* (2)

The a priori data (Yx.) corresponds to the received
information (r;) that constitutes the decoder input. The a
posteriori (l.) represents the modified information
derived from belief propagation in accordance with the
probabilities of the Log-Likelihood Ratio (LLRs).
Subsequently, the CN units calculate the updated soft
information utilizing the following equation:

f(x) = log tanh(|x|/2) 3)

The VN units update the LLRs coming from the
corresponding CNs as follows:

VN(Yi) =Yu+ Yot +Yi (4)

Then, each VN sends their updated messages once
more to their linked CNs for the coming iterations. The
min-sum algorithm (MSA) reduces the complexity of
the sum-product by approximating the SPA function
(Equation (3)) within the CN process into the following
min function [1]:

CN(Y) = [ sgn(Yy) - min([Yi)  (5)

Many developments were applied to the MS
algorithm as the Offset MS (OMS) and Adapted MS
(AMS). The improved MS algorithms reduce the
overestimation of message magnitudes [9]. The LDPC
codes compliant with 5G standards provide a notable
advancement in decoding performance and data
transmission length. They constitute a family of QC-
LDPC codes, which can be characterized using
protograph codes. A protograph code is characterized by
its matrix H, = M, x N, and its expansion factor Z.

The values of the expansion factor (Z) are confined
to the integer range (2 <Z < 384). The elements (Hy(i.j))
of the matrix H, range from —1 to Z—1. Each element of
the matrix is represented as a ZxZ binary submatrix
when H,(i,j) =—1, while the identity ZxZ matrix shifts
by Hy(i,)) for positive values.

The 5G-NR standard defines a total of 51 lifting
sizes (Z values) organized into 8 sets, as specified in
3GPP TS 38.212. These lifting sizes determine the
codeword length scalability and are designed to support
a wide range of payload sizes from short URLLC
packets to large eMBB data blocks.

Table 1 presents the complete set of lifting sizes and
their corresponding sets. The lifting sizes within each set
follow a geometric progression with a common ratio of
2, enabling efficient hardware implementation through
simple shift operations. The selection of an appropriate
lifting size depends on the desired code length
N=ZxN_p and information block size K=ZxK p,
where N p and K p are the dimensions of the base
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graph. For the proposed URLLC decoder, we utilize 3 Methodology

Z =28 from Set 0, which provides a compact codeword

length of 280 bits suitable for ultra-low latency The QC-LDPC code adopted for this study, as
applications. mentioned before, is a short-length code addressing

URLLC applications. The codeword is constructed from

Table 1. Lifting size sets defined in 5G-NR (3GPP TS N =280 bits, which are made up of K = 176 information

38.212). bits and 104 parity bits, resulting in a code rate of
Set Index (i) | Lifting Sizes / Expansion Factor (Z) R =2/3. We used the first base graph (BG1), specifically
0 {2, 4,8, 16, 32, 64, 128, 256} the “NR_1_0_8” matrix, which is designed based on the

{3, 6, 12, 24, 48, 96, 192, 384} expansion factor of Z =8.

{5, 10, 20, 40, 80, 160. 320} The performance of the decoder was tested by
{7, 14, 28, 56, 112, 224} running co-simulations in MATLAB 2022b. The BER
{{191’ 1282’ 3464 7828’ 114746’ 238582}} and BLER are the two clonsi.derefi standard

{1’3 2 ; 5’2 1’0 4 2’08} communication performance. .metrlcs. in this s.tudy. As

7 0 5: 30: 602 120: 240} channel model we used additive white Gaussian noise

The 5G-NR standards indicate two base graphs: (A.W GN) with d1.fferent Eb/NO values to test the d ccoder
- BGI =46x68, used in scenarios requiring high ability of correction under different levels of noise.

’ The layered decoding strategy was used to speed up

throughput. .
- BG2 = 42x52. which is used for applications convergence and lower decoding latency compared to
’ PP traditional flooding-based algorithms.

with lower throughput.
For both base graphs shown in Fig. 1, the block “A”

N[N AW —

is responsible for the decoding of the information 4 Results

(message) bits, while “B”, with the double diagonal

structure referring to the encoding process. Moreover, For 100 transmitted frames, the number of decoding

“C” presents an all-zeros matrix. Finally, the extension iterations was varied from 3 to 10 to examine how

matrices “D” for message bits and “E” for parity bits reliability and latency trade off. Fig. 2 shows that the

support incremental redundancy requests. BER improved significantly up to 7 iterations, but after
Base Graph 1 {BG1} 46x68 Matrix that, the gains in performance were small. As a result, 7
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B:Ll,i:: N R aEa iterations were enough for a complete decoding
e convergence as the maximum number of iterations for
N EEEEEEEEEEEEEEEEEEEEsEaEEEE all future evaluations to find a balance between accuracy
e and speed, which is very important for URLLC
applications.
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Fig. 1. Graphical presentation of the two base graphs adopted
by 5G-NR.
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107 . : i : ‘_ Information Bits 176 40-64 336
E Em— 100 Fr (K)
b Code Rate (R) 0.66 0.31-0.50 0.5
1072 _ CY-3OF] | Max. Iterations 7 10 5
; Target URLLC/mM mmWave
[ Applifation URLLC TC WPAN
102 | 4 The proposed code length (N=280) strikes a
o i balance between the short blocks in [13] (N =128-256)
o L and the longer blocks in [16] (N = 672), optimizing the
107 ¢ 3 trade-off between latency and coding gain.
i Our proposed decoder and the work in [13] both
105 _ ] target SG-NR URLLC applications with irregular QC-
E LDPC codes, but employ different scheduling
[ strategies: layered decoding for our work versus
107 : n flooding in the work [13]. Our architectural choice

EbNO_dB

Fig. 3. BER performance for fixed number of iterations (7)
across different frame counts.

The comparison of BLER performance with QC-
LDPC and polar codes reported in [13] is presented in
Fig. 4. For a target BLER = 1072, the proposed decoder
achieves a lower required Eu/No, outperforming the
reference codes by approximately 0.9 dB and 0.64 dB,
respectively.
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Fig. 4. BLER performance comparison between the proposed
decoder (evaluated over 1,000 and 30,000 simulated frames
with 7 iterations) and the reference decoder [13].

Table 2 presents a comparison of the proposed
decoder with two related works [13, 16]. The
comparison focuses on algorithmic and architectural
parameters that are relevant for performance evaluation.
Moreover, it reveals distinct trade-offs between short-
block URLLC implementations.

Table 2. Comparison of the proposed QC-LDPC decoder
with state-of-the-art designs.

Parameter This Work [13] [16]
Standard 5G-NR 5G-NR 802.15.3¢
LDPC Code irreg. QC- irreg. QC- reg. QC-
Type LDPC LDPC LDPC
Scheduling layered flooding layered
Decoding
Algorithm OMS OMS NMS
Submatrix Size
8 4-16 21
2
Code Length (N) 280 128-256 672

enables the proposed design to achieve convergence in
only 7 iterations using OMS algorithm.

A major challenge in decoder design is balancing
speed and accuracy. While in [13] authors use 10
iterations (which is thorough but slow) and the authors
in [16] use only 5 (which offers low latency at the
expense of error correction performance), our design
settles on 7 iterations. By pairing this with layered
scheduling, we essentially get the best of both worlds:
we achieve high-level reliability without the long
waiting times associated with older “flooding” methods.

Our implementation is specifically built for the 5G-
NR standards most demanding branch (URLLC).
Unlike [16], which targets general wireless PAN
(Personal Area Networks) with a 0.5 code rate, our 0.66
code rate shows that our system can carry more “real”
data (176 bits) within a compact frame (280 bits). This
makes it perfect for mission-critical tasks, like remote
surgery and autonomous driving, where data must be
both dense and delivered instantly.

While in [16] lower iteration counts is achieved, it is
important to notice the lower code rate compared to our
work. An important enhancement in the decoder’s
ability to cover URLLC applications is unveiled thought
these simulation findings. Not only do this study
showcase superior performance in terms of the number
of the iterations and BER analysis, but they also
demonstrate the effectiveness of layered decoding
approach for short block lengths.

5 Conclusion

The work presented in this paper demonstrates the
simulation effectiveness of our QC-LDPC design
architecture based on short code word lengths,
addressing URLLC applications. We tested our
proposed decoder based on a (280,176) code using
layered decoding strategy. The design showed enhanced
BLER characteristics in full performance simulations
while keeping the number of decoding iterations low.
The investigation showed that only 7 decoding iterations
strike the best balance between reliability and
computational complexity. The suggested design
requires a lower Ev/No than current short-length QC-
LDPC codes for the same BLER targets, demonstrating
its suitability for URLLC systems.
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