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Abstract. In this work, we propose a hybrid decoding approach that dynami-
cally segments the received frame into three subframes based on the distribu-
tion of the first decoding errors. The initial and final subframes, where the error
probability is low, are processed using the fast simplified successive cancella-
tion decoder. The central subframe, where errors are more concentrated, is de-
coded using fast simplified successive cancellation list with a list size of L = 8,
ensuring robust error-correction. Simulation results obtained on a polar code
PC(128,32) show that the proposed decoder reduces computational complex-
ity by 82% compared to the conventional successive cancellation list decoder,
while preserving the same error-correction performance.
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1 Introduction

The considerable increase in data volume and the development of applications require wire-
less communication networks to guarantee extreme reliability and low latency [1]. Transmis-
sion over non-ideal physical channels, subject to interference and noise, generates errors. To
remedy this, error-correction codes [2] are a basic technique that detects and corrects these
errors at the receiver, thus ensuring data integrity. Among code families, polar codes [3]
marked a theoretical revolution by being the first codes with proven achievable capacity for
any symmetric binary channel without memory [3], especially for Successive Cancellation
(SC) decoding [3–8]. This fundamental property led to their adoption in the control chan-
nel of the 5G standard [9]. However, the SC decoder, which has moderate computational
complexity, suffers from irreversible decisions that limit its error-correction performance.

To overcome this limitation, the Successive Cancellation List (SCL) decoder was pro-
posed [10–14]. By maintaining a list of parallel decoding paths, SCL delays binary decisions
and offers much higher correction performance, often enhanced by the use of an external
Cyclic Redundancy Code (CRC) [15–17]. However, this performance gain comes with a
significant increase in computational complexity, which is problematic for low-power, high-
throughput hardware implementations.
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Optimization work then exploited the recursive structure of polar codes. The Fast-
Simplified SC (Fast-SSC) [18–20] and Fast-Simplified SCL (Fast-SSCL) [21–25] algorithms
identify special nodes in the decoding tree (Rate_0, Rate_1, Repetition (REP), and Single
Parity-Check (SPC)) and decode them in a single operation, significantly reducing the com-
putational complexity. These optimizations motivate our search for a method to maintain the
near-optimal performance of the SCL decoder while significantly reducing its computational
load. A detailed analysis of the decoding process reveals that not all parts of a codeword
contribute equally to the risk of error. Indeed, the statistical distribution of the position of
the first error during SC decoding shows that errors are predictably concentrated in a critical
region of the codeword [26].

In this work, we propose a new approach to decoding polar codes, which is a hybrid be-
tween the Fast-SSC and Fast-SSCL decoding algorithms. Our approach is based on dynamic
segmentation of the received frame, determined by an analysis of the distribution of the first
errors [26]. Subframes identified as highly reliable are decoded by the Fast-SSC algorithm,
which is fast and low in complexity. Conversely, the critical subframe, where the initial error
probability is highest, is processed by the Fast-SSCL decoder to ensure robustness. The re-
sults presented in this work demonstrate the effectiveness of our proposal. For a polar code
PC(128, 32), our hybrid decoder reduces the computational complexity by 82% compared to
a conventional SCL decoder, without any measurable degradation in error-correction.

The paper is structured as follows: Section II reviews the prerequisites for polar codes,
SC-SCL decoders, and their optimized versions. Section III details the analysis of the distri-
bution of first errors and the proposed decoding methodology. Section IV evaluates the pro-
posed decoder’s performance. Finally, Section V concludes the paper and outlines prospects
for further research.

2 Preliminaries

2.1 Polar codes

Polar codes, denoted PC(N, K) and introduced by E. Arikan in 2009 [3], are linear block
codes of length N = 2n with n ∈ N, constructed on the principle of channel polarization [3].

The basic polarization kernel is the matrix E =
[
1 0
1 1

]
. The transformation matrix for a

length N is obtained by the n-th Kronecker power, where E⊗1 = E, as shown in equation (1)

∀n ≥ 1, GN = E⊗n (1)

The encoding of a vector v = {v0, v1, v2, v3, . . . , vN−1}, which contains both the information
bits and the redundancy bits, is carried out via equation (2):

y = v ·GN (2)

Where y is the transmitted codeword.
The polarization process virtually creates N sub-channels of different reliabilities. Infor-

mation bits are transmitted over the K channels with the highest reliability. The remaining
N − K channels, known as frozen channels, are assigned predetermined values (typically 0)
that are available to the decoder [3].
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2.2 Successive cancellation decoding

The SC decoder [3–8] is the original decoding algorithm for polar codes. Its principle is to
sequentially estimate the bits ṽ0, ṽ1, ṽ2, ṽ3, . . . , ṽN−1, using previous decisions and the noisy
codeword μ, received from the transmission channel. The decision for bit i, where 0 ≤ i ≤
N − 1, is based on the Logarithmic Likelihood Ratio (LLR) [27], denoted T i:

T i = log
�

Pr(μi, ṽ0:i−1|yi = 0)
Pr(μi, ṽ0:i−1|yi = 1)

�
(3)

Where ṽ0:i−1 represents the estimated values of all bits preceding bit i and Pr(μi|yi = 0, 1)
denotes the probability of observing μi when the transmitted bit yi is either 0 or 1.

The binary estimation rule for the vector v is based on equation (4):

ṽi =

⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩

0 if i ∈ AF

0 if i ∈ AI and T i ≥ 0
1 if i ∈ AI and T i < 0

(4)

Where the set of indices for information bits is denoted AI , and that for frozen bits is denoted
AF .

Although the SC decoder is characterized by its low computational complexity, calculated
by equation (5) [3], it suffers from error propagation due to the irreversible nature of its
decisions. This constraint encourages the use of more efficient algorithms [28].

CCD−S C = O(n · 2n) + O(2n − 1) (5)

Where 2n represents the codeword length.

2.3 Successive cancellation list decoding

To overcome the limitation of the SC decoder, the SCL decoder maintains a list of L parallel
decoding paths [10–14]. For each bit of information, each path splits into two paths exploring
the two possible values of the information bit (0 and 1). Only the L paths with the lowest
metric, denoted ω, are retained. The metric is updated additively based on the LLR values
[10], as shown in equation (6).

ω(l)
i = ω

(l)
i−1 +

⎧⎪⎪⎨⎪⎪⎩
0 if ṽ(l)i = δ(T

i)
|T i| otherwise

(6)

Where δ(x) = 0 if x ≥ 0, otherwise 1, and where l ∈ {1, 2, 3, . . . , L}.
At the end of the decoding process, the path with the best metric ω is selected. The

addition of an external CRC code [15–17] helps guide this final selection and significantly
improves correction performance, at the cost of an increase in computational complexity,
formalized by equation (7) [10].

CCD−S CL = O(L · n · 2n) + O[L · (2n − 1)] + O(2 · K · L · log2[2L]) (7)

Where 2n represents the codeword length, K the information word length, and L the list size.
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2.4 Fast-Simplified SC and SCL decoding

Fast-Simplified SC and SCL decoding, denoted respectively as Fast-SSC [18–20] and Fast-
SSCL [21–25], exploit the recursive structure of the binary decoding tree [18] to efficiently
identify and process special nodes, denoted Ω j

i , where j represents the level in the binary tree
(with j ∈ [0 : log2(N)]), as shown in figure 1. This approach thus avoids traversing the tree
all the way to the leaves ( j = log2(N)).

At each non-leaf node Ω j
i , the polar code decoder propagates the LLR values from the

root (Ω0
0) by applying the functions f , g and h [28]:

f (T a, T b) ≈ sign(T a) · sign(T b) ·min(|T a|, |T b|) (8)

g(T a, T b, ṽ) = (1 − 2ṽ) · T a + T b (9)

h(ṽa, ṽb) = [ṽa ⊕ ṽb, ṽb] (10)

Figure 1: Tree representation of SC decoding for a PC(8,4)

Considered types, of special nodes, in this work are summarized in table 1 [18]:

Table 1: Typology of special nodes for accelerated decoding of polar codes

Node Name Pattern Description
Rate_0 α = {0, 0, 0, 0, . . . , 0, 0} All bits are frozen
Rate_1 α = {1, 1, 1, 1, . . . , 1, 1} All bits are information bits
REP α = {0, 0, 0, 0, . . . , 0, 1} Only the last bit is an information bit
SPC α = {0, 1, 1, 1, . . . , 1, 1} Only the first bit is frozen
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The Fast-SSC and Fast-SSCL decoders traverse the tree recursively. When they identify
one of these special nodes, they apply the corresponding decoding rule to the entire subtree in
a single step [18–25], which massively prune the decoding tree and reduce the computational
complexity.

3 Analysis of the distribution of initial errors and methodology

Our simulations show that decoding errors in an SC/SCL decoder are not uniformly dis-
tributed across the frame. Instead, they concentrate around a critical region (figure 2). Lo-
cating this region enables better frame segmentation for applying Fast-SSC and Fast-SSCL
algorithms only where they are needed.

Figure 2: Distribution of the first error positions for different SNR values: (a) 1dB , (b) 2dB,
(c) 3dB

Figures 2(a) to 2(c) shows the distribution of the first error detected within a frame initially
processed by an SC decoder, in the case of a 128-bit polar code comprising 32 information
bits [9]. We can see that errors mainly occur in certain well-defined subframes of the de-
coding sequence. Based on this observation, we segment the decoding procedure into three
subframes of different sizes: the initial part, the middle part, and the final part. The first
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and last subframes, where the probability of error remains low, are processed by the Fast-
SSC decoder. However, the central subframe, where most errors are concentrated, is decoded
using the Fast-SSCL algorithm, which is more computationally demanding but offers better
correction performance, using a list of reasonable size (L = 8).

The Fast-SSCL decoder is thus applied only to bits whose positions in the frame are
between ϕ1 and ϕ2 (see figure 2). The parameter ϕ1 corresponds to the index of the first infor-
mation bit in the frame and marks the starting point of Fast-SSCL decoding. The parameter
ϕ2 defines the index of the last bit processed by Fast-SSCL; this value was obtained empir-
ically, as presented in our reference work [26]. Another important observation is that the
length of these subframes is not influenced by the Signal-to-Noise Ratio (SNR); it depends
only on the amount of information bits K [26]. The parameters ϕ1 and ϕ2 are determined
dynamically to adapt to channel variations, where ϕ1 = min(AI) corresponds to the index of
the first information bit, and ϕ2 is empirically derived as:

ϕ2 = N − �0.198 · K1.0346� (11)

Figure 3 clearly illustrates the complete chain of our approach to decoding polar codes,
which hybridizes two standard decoders. The procedure begins with the source message m
of length K bits. This is first protected by a CRC error detection code, producing a word
a of M bits. Next, the polar encoder takes this word a as input, along with a set of frozen
bits, to generate a code word y of length N bits. This word is finally modulated using Binary
Phase-Shift Keying (BPSK) [29] and transmitted via a noisy channel classically modeled by
Additive White Gaussian Noise (AWGN) [30].

Figure 3: SWITCH-Decode: dynamic switching between Fast-SSC and Fast-SSCL for polar
codes

Algorithm 1 below summarizes the steps in the decoding process.
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Algorithm 1 Hybrid Fast Decoding Algorithm (Fast-SSC / Fast-SSCL)

Require: K,N, L, AF , ϕ1, ϕ2.
Require: LLR vector T N

i .
Ensure: Decoded codeword v̂N .

1: special_nodes_list← Identify_Special_Nodes(N, AF , root_node)
2: for j = 1 to ϕ1 do
3: v̂

j
1 ← Fast_SSC_Decoder(T N

1 , special_nodes_list, current_position)
4: end for
5: Initialize path_list← {current path state}
6: for j = ϕ1 + 1 to ϕ2 do
7: path_list← Fast_SSCL_Decoder_Step(T N

1 , special_nodes_list, path_list, L, current_position)
8: end for
9: v̂

ϕ1+1:ϕ2
2 ← Get_Best_Path_Bits(path_list)

10: pathlist ← List of candidate paths from subframe 2
11: if CRC is validated then
12: best_path← Select path from pathlist with best metric that passes CRC
13: else
14: best_path← Select path from pathlist with best metric
15: end if
16: for j = ϕ2 + 1 to N do
17: v̂

j
3 ← Fast_SSC_Decoder(T N

1 , special_nodes_list, current_position)
18: end for
19: v̂1:N ← [v̂1:ϕ1

1 , v̂
ϕ1+1:ϕ2
2 , v̂

ϕ2+1:N
3 ]

20: return v̂N

4 Results and discussion

This section presents a comparative analysis of the error-correction performance and compu-
tational complexity of our approach compared to the SCL decoder. The evaluations were per-
formed on a polar code PC(128,32) and a list size L = 8 for the reference decoder. This value
of L = 8 was chosen because it represents the optimal operating point in the performance-
complexity trade-off for SCL decoders [9, 10].

4.1 Error-correction performance

Figure 4 shows the Bit Error Rate (BER, figure 4a) and Frame Error Rate (FER, figure 4b) as
a function of SNR for the SCL decoder and our proposal. The results prove that our approach
achieves a correction performance equivalent to that of the SCL decoder across the entire
evaluated SNR range.

4.2 Performance in computational complexity

The main innovation of our work lies in the systematic identification and optimized process-
ing of special nodes in the polar code decoding tree. For the code PC(128,32), our structural
analysis reveals the significant presence of four types of special nodes, as illustrated in table 2:

7

EPJ Web of Conferences 374, 01007 (2026)	 https://doi.org/10.1051/epjconf/202637401007
ICEODIS 2026



0 0.5 1 1.5 2 2.5 3 3.5 4

SNR(dB)

10-6

10-5

10-4

10-3

10-2

10-1

100

B
E

R

Decoder SCL (L=8)

Proposed Decoder

(a)

0 0.5 1 1.5 2 2.5 3 3.5 4

SNR(dB)

10-5

10-4

10-3

10-2

10-1

100

F
E

R

Decoder SCL (L=8)

Proposed Decoder

(b)

Figure 4: Error-correction performance of SCL and proposed decoders for PC(128,32)
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Table 2: Types and lengths of special nodes in the PC(128,32) code

Special Nodes Length 4 Length 8 Length 16 Length 32
Rate_0 1 1
Rate_1 1 1
REP 3 3 1
SPC 2 1

Our optimization reduces the computational complexity by 82% in terms of operations
compared to the standard SCL decoder. This complexity is evaluated using the following
equation for a codeword of length N:

CCproposed(N) = CCFast-SSC(1 : ϕ1) +CCFast-SSCL(ϕ2 − ϕ1) +CCFast-SSC(N − (ϕ2 − ϕ1)) (12)

This substantial economy is based on two key mechanisms. First, unlike the complete
recursive traversal of the tree in traditional SCL, our algorithm identifies and processes each
special node in a single operation. Second, early identification of these nodes avoids their
recursive decomposition. For the code PC(128,32), our analysis shows that the majority of
nodes are special and can therefore be processed directly, as shown in Table 2.

5 Conclusion and Perspective

In this paper, we demonstrate that the systematic exploitation of special nodes intrinsic to po-
lar codes allows an optimal compromise between performance and complexity to be achieved.
For the code PC(128,32), we achieve an error-correction performance identical to the refer-
ence SCL decoder with an excellent 82% reduction in computational complexity. This result
marks an important step toward more energy-efficient polar decoders, a critical challenge for
5G devices and future communication systems. To build on this work, we now plan to ver-
ify the robustness of the approach on longer codes and at different coding rates. The next
step will be to integrate this solution into a hardware architecture, which will allow us to
accurately measure the actual gains in area and power consumption.
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