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Abstract. This article presents an in-depth analysis of the performance of Low-Density Parity-Check (LDPC) codes and polar codes
as defined in the 5G NR standard, with a view to their use in 6G communication systems. Simulations were conducted in MATLAB
by varying the block length and coding rate, and evaluating performance according to the criterion: the Bit Error Rate (BER). The
decoders used are Normalized Min-Sum (NMS) for LDPCs and Successive Cancellation List (SCL) assisted by a Cyclic Redundancy
Check (CRC) for polar codes.

In line with the theoretical results of Arikan and recent analyses, our simulations confirm that polar codes are particularly effective
for short block lengths generally below 1700 bits making them ideal for URLLC applications. Conversely, LDPC codes, originally
proposed by Gallager, demonstrate clear superiority for longer lengths. Notably, at a length of 1600 bits, LDPCs outperform polar
codes in terms of BER, suggesting that the transition between the two performance regimes occurs near this limit. However, this
superiority is not systematic: it depends heavily on the considered rate coding. These observations highlight a complementarity that

can be exploited in adaptive hybrid architectures, which are essential for meeting the diverse requirements of 6G.

Index Terms :

LDPC codes, Polar codes, 5G NR standard, Normalized Min-Sum (NMS), Successive Cancellation List (SCL). Cyclic
Redundancy Check (CRC)-Aided Successive Cancellation List (CA-SCL).

1 INTRODUCTION lengths, making them suitable for low-latency
applications [3]. LDPC codes, originally proposed by
The fifth generation of mobile networks (5G) Gallager [4] and rediscovered in the 1990s, offer

introduced a duality in error correction codes: LDPC exceptional asymptotic performance for large block

(Low-Density Parity-Check) codes for the data channel sizes with linear decoding complexity [5].

and polar codes for the control channel [1]. This

choice, formalized in the 3GPP TS 38.212 This complementarity has generated increasing interest

specifications [1], reflects the recognition that these in the comparative evaluation of these two families of

two families of codes have complementary properties codes. The work of Wang et al. [6] provided an in-

suited to the different requirements of 5G services. depth analysis of their respective performances in the

5G context, highlighting the need to consider block

Polar codes, introduced by Arikan [2], are based on the length and coding rate together. However, the precise

phenomenon of channel polarization, which allows delimitation of the transition boundary between the

Shannon capacity to be achieved for finite block regimes of superiority of each family remains to be

lengths. They are particularly effective for short
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refined, particularly for effectively standardized

decoding algorithms.

This article presents a comparative study of LDPC and
polar codes as defined in the 5G NR standard.
Simulations are conducted in MATLAB by varying the
block length and coding rate, with performance
evaluated according to the Bit Error Rate (BER)
criterion. The decoders used are Normalized Min-Sum
(NMS) for LDPCs [7] and Successive Cancellation
List (SCL) assisted by CRC for polar codes [8],
corresponding to the implementations specified in the

standard.

Our results confirm the superiority of polar codes for
short blocks, while a gradual transition toward LDPC
superiority is observed between 1200 and 1600 bits for
a coding rate of 1/2, depending on the decoding
configuration and simulation conditions. However, this
boundary depends significantly on the coding rate
considered, with polar codes retaining their advantage
over a wide range at low rates. These observations,
which are relevant for the evolution towards 6G,
highlight the value of adaptive approaches that exploit

this complementarity.

The rest of this article is organized as follows. The next
section reviews the theoretical foundations of the two
families of codes. We then detail our simulation results
and discussion. Finally, we conclude the article and

open up perspectives for future research.

2 Theoretical foundations

This section reviews the fundamental principles of
LDPC and polar codes, as well as the specific features
of the decoding algorithms used in this comparative

study.

LDPC codes : from Gallager to 5G standarization

LDPC codes are a class of block linear codes
characterized by a sparse parity matrix. Initially
proposed by Gallager in his doctoral thesis at MIT [4],
these codes remained largely ignored for more than
thirty years before being rediscovered in the 1990s.
The work of MacKay and Neal demonstrated that
LDPC codes could approach the Shannon limit to
within 0.0045 dB [9], rivalling turbo codes.

The bipartite representation of LDPC codes, formalised
by Tanner [10], has enabled the development of
efficient iterative decoding algorithms based on belief
propagation. Asymptotic analysis by density evolution,
introduced by Richardson and Urbanke [5], has made it
possible to optimize degree profiles and demonstrate
the ability of irregular LDPC codes to arbitrarily

approach channel capacity.

In the 5G NR standard, LDPC codes were selected for
the data channel because of their suitability for large
transmissions [11]. The structure adopts quasi-cyclic
basis matrices with adaptive expansion factors,
covering a wide range of block lengths and coding

rates [1].

NMS decoding for LDPC codes

The Belief Propagation (BP) algorithm is the
theoretical benchmark for LDPC code decoding, but its
high complexity due to hyperbolic operations has led to
the development of approximations [12]. The Min-Sum
(MS) algorithm simplifies these calculations but leads

to a systematic overestimation of extrinsic messages.

The Normalized Min-Sum (NMS) algorithm, proposed
by Chen et al. [7], compensates for this overestimation
with a normalization factor S. For the Additive White
Gaussian Noise (AWGN) channel, the experimentally
determined value of S offers an optimal compromise
between implementation complexity and decoding
performance. This variant, used in 5G NR

implementations, significantly reduces complexity
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compared to standard BP while maintaining similar

performance.
Polar codes: channel polarization

Polar codes, introduced by Arikan in 2009 [2],
represent a conceptual breakthrough in the field of
channel coding. Unlike traditional probabilistic
approaches, they are based on a deterministic

phenomenon of channel polarization. Repeated
o _M1 o
application of the Kronecker transform G, = 1 1

asymptotically leads to perfect separation between
reliable and noisy channels, making it possible to reach

channel capacity with efficient decoding complexity

(2].

The construction of polar codes requires the selection
of information bits from the most reliable polarized
channels. The Gaussian density evolution construction
algorithm [13] provides an efficient method for the
AWGN channel, approximating the probability
distributions of Log-Likelihood Ratios (LLR) by

Gaussian laws.

In practical 5G NR implementations, polar codes also
rely on rate matching techniques as well as optimized
frozen bit selection strategies. In this work, the code
construction was based on an estimation of channel
reliability using the Gaussian approximation, while the
frozen bits were selected according to the reliability

sequence defined in the 5G NR standard.

A distinctive feature of polar codes, highlighted by
Arikan and Telatar [14], is their optimality at short
block lengths in the low error rate regime. This
property contrasts with the behavior of LDPC codes,
which generally require longer lengths to achieve their

asymptotic performance.

SCL-CRC decoding for polar codes

The Successive Cancellation (SC) algorithm, the
canonical decoder for polar codes, exploits the
recursive structure of the transform to decode bits
successively with efficient decoding complexity [2].
However, its performance in terms of error rate is
constrained by its strictly sequential and non-iterative
decision-making process, in which the first errors
spread throughout the subsequent decoding phases.
The Successive Cancellation List (SCL) algorithm [8],
maintains a list of the L most probable decision paths
at each step [15]. List size L plays a vital role in the
performance of SCL decoding. An increase in L
generally improves the BER performance by exploring
a greater number of candidate paths, thus bringing
decoding performance closer to maximum likelihood.
However, this improvement is achieved at the cost of
an increase in computational complexity and decoding
latency. CRC assistance allows the correct candidate to
be selected from the final list, significantly improving
performance for moderate list sizes. This configuration,

adopted in the 5G NR standard for the control channel.

State of the art comparisons

Recent comparative studies have established the
complementarity of the two families of codes, without
quantitatively defining the transition boundary. The
analysis by Zhang et al. [6] covered a wide range of 5G
scenarios, highlighting the advantage of polar codes for
Ultra-Reliable = Low  Latency = Communications
(URLLC) and that of LDPCs for enhanced Mobile
Broadband (eMBB). The work of Bioglio et al. [16] on
short polar codes and that of Richardson and Kudekar
[11] on 5G LDPCs provided specific optimization
elements. These include CRC-aided Successive
Cancellation List (SCL) decoding, the use of efficient
rate matching techniques, and careful selection of
frozen bits for polar codes. They have also proposed
quasi-cyclic structures, a basic graph design, and low-
complexity iterative algorithms for LDPCs. Our study
refines the location of the transition boundary between

polar codes and LDPC using the decoders actually
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standardized in 5G NR: SCL-CRC for polar codes and T | | | E
NMS for LDPC. Our simulations show that the 3
performance crossover point where LDPC becomes F10%
advantageous in terms of BER is around 1600 bits, but Jio0e
is highly dependent on the coding rate. This result e
highlights not an absolute hierarchy, but a contextual b E“L?FSE::: ih%j 3
complementarity that can be exploited in the adaptive 10 __; "( 5 3107
architectures envisioned for 6G. 105 Lu . : s L:.aﬂz’ L 4gs
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3 Simulation Results and Discussion (a).Codeword Length 40
In order to precisely identify the transition boundary | ' ' ' ' E
between the two families of codes under realistic L 10
conditions, a series of simulations was carried out in 1072 4102
MATLAB using the standardized decoders: SCL-CRC 102 140
for polar codes and NMS for LDPC codes. % - s
The performance of both coding schemes was ol zgggg{gggg—i’g i
evaluated under AWGN channel conditions based on Bapsadld
Binary Phase Shift Keying (BPSK). The analysis is S ‘ipmma;e i R
categorized by block length regimes. L 3 5 5 7 & 197
For LDPC decoding, the Normalized Min-Sum (NMS) ERING (dR)

(b).Codeword Length 200
Fig. 1. BER Performance at Block Lengths

algorithm was implemented with a maximum of 5
decoding iterations and a normalization factor S = 0.75.

For polar codes, a CA-SCL decoder with a list size L =
As illustrated in Figure la, the Polar code achieves

BERs of 1.6 x 1076, 4.7 x 1073, and 3.7 x1073 for rates
1/4, 1/3, and 1/2 at SNRs of 1 dB, 2 dB, and 3 dB,

8 was used.

Block Length Regime (CW 40, CW 200)

) ) ) respectively. In contrast, the LDPC code requires a
In the short block regime, generally associated with

significantly higher SNR to reach comparable
performance. At 5 dB, LDPC codes with rates 1/4 and
1/3 only achieve a BER of 3.8 x 107*. Furthermore, the
rate 1/2 LDPC code requires 3.75 dB to match the BER

Downlink Control Information (DCI), polar codes
demonstrate superior performance for code rates from
1/5 up to 1/2 but very poor and far from LDPC code

for a code rate equal to 2/3. ) ) ) )
achieved by the Polar code at 3 dB. This coding gain of

0.75 dB for rate 1/2 confirms that Polar codes offer
superior channel construction efficiency compared to

LDPC codes in this regime.

Block Length Regime (CW 520, CW 960)

As the codeword length increases to intermediate

values, the performance gap narrows.
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Fig. 2 BER Performance at Block Lengths

It is observed that LDPC codes demonstrate superior
and more predictable performance at medium
codeword lengths compared to short lengths. As
illustrated in Figure 2, the LDPC curves follow a
logical progression, where decreasing the code rate
consistently yields significant coding gains. For
instance, at N = 960, the LDPC code achieves a BER
of less than 1077 at 3 dB, exhibiting a distinct waterfall
region. For polar codes, within this range of code
lengths, they continue to outperform LDPC codes for
coding rates from 1/5 to 1/2, but still underperform at a
coding rate of 2/3.

Block Length Regime (CW 1200, CW 1600)
In the long block length regime, LDPC codes

demonstrate dominance for a specific code rate.
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Fig. 3 BER Performance at Block Lengths

The comparison of rate 1/2 codes at longer codeword
lengths (N = 1200 and N = 1600) reveals the
superiority of LDPC codes in the medium-to-long
block regime. As shown in Figure 3, the LDPC rate 1/2
code consistently outperforms its polar counterpart. In
Figure 3(a) (N = 1200), the LDPC code achieves a
BER of 107 at 3 dB, whereas the polar code only
reaches 3 x 107® at the same SNR. This advantage
becomes pronounced at N = 1600 (Figure 3(b)), where
the polar rate 1/2 code suffers significant performance
degradation. To achieve a target BER of 107%, the
LDPC code requires an SNR of approximately 2.4 dB,
while the polar code requires 4.0 dB. This coding gain
of roughly 1.7 dB confirms that 5G LDPC codes are
highly optimized for longer data blocks, justifying their

selection for the eMBB data channel.
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Beyond BER performance, decoding complexity and
latency are also important criteria in practical
communication systems. Polar codes decoded by CA-
SCL offer excellent performance for short block
lengths, but their complexity increases significantly
with list size L. Conversely, LDPC codes benefit from
highly parallelizable iterative decoding architectures,
making them better

suited for high-throughput

applications such as 5G eMBB services.

Thus, the choice between LDPC and polar codes
should not be based solely on BER performance, but
also on implementation constraints, latency, and

throughput requirements.

4 CONCLUSION AND PERSPECTIVES

This comparative study, conducted within the
framework of the 5G NR standard and based on
simulations at code lengths of 40, 200, 520, 960, 1200,
and 1600 bits, confirms the complementary nature of
polar and LDPC codes. Polar codes offer better
performance for short lengths and low to moderate
rates (R = 1/5 to 1/2), with a coding gain of 0.75 dB at
R = 1/2. Conversely, LDPC codes become significantly
superior from medium to long lengths, achieving an
advantage of 1.7 dB at N = 1600 and R = 1/2. The
transition boundary thus lies between 1200 and 1600
bits for this rate, but varies considerably depending on

the coding rate, highlighting that the optimal choice
depends on the pair (N, R).

The present study is limited to AWGN channel
conditions. The extension of this comparison to more
realistic environments, such as Rayleigh fading
channels or frequency-selective channels found in real
5G systems, constitutes an important perspective of

this work.

These observations suggest the value of adaptive
architectures for future systems, particularly 6G,
capable of dynamically selecting the most appropriate

code according to the transmission context. Future

prospects include evaluation on frequency-selective

channels, optimization of advanced decoding
algorithms, design of hybrid codes, and consideration
of hardware implementation constraints for real-time

deployments.
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