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Abstract. Error-correction codes ensure communication reliability, a critical
requirement in modern wireless systems. Among these, polar codes, adopted
in the fifth generation (5G) mobile network for channel control, achieve capac-
ity via successive cancellation decoding. However, its sequential nature incurs
high complexity. The fast-simplified successive cancellation decoder reduces
this complexity using specialized nodes capable of processing entire subtrees in
a single operation. In this work, we introduce a new type of specialized node,
based on the exploitation of a novel structural property of polar codes. By iden-
tifying and processing this recurring pattern optimally and deterministically, we
further reduce the computational complexity of the decoder. This yields an ad-
ditional gain of 8.7% in complexity reduction compared to the fast-simplified
successive cancellation basic decoder, and a total reduction of 73.7% compared
to the standard successive cancellation decoder, all without any degradation in
error-correction performance.

1 Introduction

To send data reliably over noisy channels, digital systems use Error-Correction Codes (ECC)
[1, 2]. These codes help make sure that the information received is the same as what was
sent. In 2009, Erdal Arıkan came up with a new type of code called polar codes [3]. What
makes these codes special is that, at least in theory, they can reach the maximum transmis-
sion capacity of a symmetric binary channel when the code length N tends to infinity [4].
Consequently, polar codes were chosen for the fifth generation (5G) mobile network standard
to control how data flows through channels [5]. The decoder used for these polar codes is
Successive Cancellation (SC) [3, 6–9, 23]. Although asymptotically optimal, its direct use
suffers from high computational complexity due to its strictly sequential path through the
binary decoding tree [10].

To remedy this, algorithmic optimizations have been developed. Among them, the Fast-
Simplified Successive Cancellation (Fast-SSC) decoder represents a major advance [11–
14, 22]. Its principle is to identify special nodes in the binary decoding tree that correspond
to simple code patterns, such as Rate-0, Rate-1, Repetition (Rep), and Single Parity-Check
(SPC) codes. Extended node types (I–V) proposed in [15] allow block processing via deter-
ministic rules, avoiding recursive traversal and reducing complexity further.
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In this work, we propose a novel type of specialized decoding node tailored for polar
codes. Its design emerges from the observation of a recurrent structural pattern involving
the arrangement of frozen bits inside transmitted frames. Unlike existing node types from
[11, 15], which exploit continuous sequences of frozen or information bits, the proposed
node is characterized by an alternating pattern {0, 1, 0, 1} followed by a continuous sequence
of information bits. Through direct and computationally efficient processing of this node, the
proposed method lowers overall complexity while maintaining error-correction capability.

The remainder of this work is organized as follows. Section II covers the background on
polar codes. Section III presents SC decoding, the Fast-SSC decoder, and the five specialized
node types (Type I–V). Section IV introduces our proposed node. Section V discusses the
experimental results. Section VI concludes and suggests future work.

2 Polar code fundamentals

Polar codes, denoted PC(N, A), are linear block ECCs of length N = 2n, where n ∈ N. Their

construction is based on the iteration of a polarization kernel matrix [3], denoted Z =
[
1 0
1 1

]
.

By applying the Kronecker product of Z with itself n times, each iteration doubling the matrix
size and increasing the polarization effect on the synthetic channels, we obtain the generator
matrix:

Z⊗n =

[
Z⊗n−1 02n−1

Z⊗n−1 Z⊗n−1

]
(1)

Where 02n−1 denotes a zero square matrix of appropriate dimensions.
The polar coding process, shown in figure 1, begins with the generation of an informa-

tion word m of length A. Next, the input vector c of length N is formed by inserting the A
information bits at the most reliable positions, while the remaining N−A positions are filled
with frozen bits (usually set to 0). This distribution depends directly on the phenomenon of
polarization [3].

Figure 1. Polar code encoding mechanism.

The polar encoder then transforms this binary vector c = {c0, c1, . . . , cN−1} into the code-
word r = {r0, r1, . . . , rN−1} via the matrix equation (2) [3]:

r = c · Z⊗n (2)

The codeword r is then transmitted over an Additive White Gaussian Noise (AWGN)
channel [16, 20] using Binary Phase Shift Keying (BPSK) modulation [17, 21].

3 Decoding algorithms for polar codes

3.1 Successive cancellation decoding in the binary tree

The first step in the SC decoder [3, 6–9, 23] is to transform the noisy vector y, corresponding
to the code word r transmitted via an AWGN channel [16, 20], into Logarithm-Likelihood
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Ratios (LLR). There are two main reasons for this transformation: numerical stability and
simplification of calculations [18]. These LLRs are defined by the following equation:

ωi = ln
(

Pr(yi | ri = 0)
Pr(yi | ri = 1)

)
(3)

Where Pr(yi | ri = 0, 1) denotes the probability of observing yi when the transmitted bit ri is
either 0 or 1.

For an AWGN channel with BPSK modulation, the received message is yi = r̄i + θi,
where the bits ri ∈ {0, 1} are mapped to the symbols r̄i ∈ {−1, 1}. The term θi ∼ N(0, σ2)
represents the gaussian noise sample. In this case, equation (4) simplifies to:

ωi =
2 · yi

σ2 (4)

Where σ2 is the noise variance.
The SC decoder uses the binary tree representation of polar codes, where each node cor-

responds to a subcode of reduced length. The complete binary tree, with depth β = log2(N),
is traversed recursively, as shown in figure 2. At each non-leaf node (β � log2(N)), the SC

Figure 2. Binary tree of a polar code PC(32, 9).

decoder propagates the LLR values from the root (red node) to the leaves (β = log2(N)) by
applying the f and g functions, defined as follows [19]:

f (ωa, ωb) ≈ sign(ωa) · sign(ωb) ·min(|ωa|, |ωb|) (5)

g(ωa, ωb, û) ≈ (1 − 2û) · ωa + ωb (6)

Where û represents the estimate of bit u.
When the path reaches a leaf node, the estimate û is obtained by a hard decision according

to equation (7):
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ûi =



0 if i ∈ F
0 if ωi ≥ 0 and i ∈ I
1 if ωi < 0 and i ∈ I

(7)

Where F and I are the sets of frozen bit indices and information indices, respectively.
These decisions then travel up the tree to guide the calculations for nodes that are still

undecided. This strict sequentiality, which requires that a right node only be processed after
its left node has been completely processed, is responsible for the high computational com-
plexity of the SC decoder. The computational complexity of the f and g functions is given
by equation (8) [3].

CS C = O(N. log2[N]) (8)

Where N represents the length of the codeword

3.2 Fast-simplified successive cancellation decoder

The fundamental idea behind the Fast-SSC decoder [11–14, 22], as well as its improved
versions [15], is to avoid recursive traversal of the entire tree as soon as a special node, cor-
responding to an elementary instantaneous decoding code, is identified. The original version
of Fast-SSC uses four types of fundamental special nodes: Rate-0, Rate-1, Rep, and SPC.
Subsequently, research presented in reference [15] proposed extending this set to identify
and decode even more specific nodes, further reducing computational complexity. These ex-
tended nodes allow common subtrees to be processed directly without recursion. Table 1
presents the different types of the most well-known special nodes, along with their structure
and description.

Table 1. Special nodes in polar codes

Node Name Structure 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
Type I α = {0, 0, 0, . . . , 0, 1, 1} Only the last two bits are information bits
Type II α = {0, 0, . . . , 0, 1, 1, 1} Only the last three bits are information bits
Type III α = {0, 0, 1, 1, . . . , 1, 1} Only the first two bits are frozen
Type IV α = {0, 0, 0, 1, . . . , 1, 1} Only the first three bits are frozen
Type V α = {0, 0, . . . , 1, 0, 1, 1, 1} Only four specific bits are information bits

4 Proposed Specialized Node

The existence of additional special nodes further reduces the computational complexity
of polar code decoding. In this paper, we propose a new node whose structure is α =
{0, 1, 0, 1, 1, 1, . . . , 1, 1, 1}, where 0 represents a frozen bit and 1 represents an information
bit. This configuration begins with an alternating pattern {0, 1, 0, 1} before stabilizing into a
continuous sequence of information bits. This behavior is illustrated by the element named
‘Proposed Node’ in figure 2.
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4.1 Property

Let r = {r0, r1, r2, r3, r4, r5, r6, r7} be the transmitted codeword vector of length N = 8 for
our proposed node, as an example. The presence of frozen bits at positions 0 and 2 imposes
parity constraints that allow the proposed node to be decomposed into two independent SPC
subnodes, each operating respectively on even and odd indexed bits.

(r0, r2) =

r1 ⊕


k∈{4,5}
rk, r3 ⊕


k∈{6,7}

rk

 (9)

Verification: Let c = {c0, c1, c2, c3, c4, c5, c6, c7} be the vector consisting of the bits of
our node, comprising both frozen bits (black nodes) and information bits (yellow nodes), as
illustrated in figure 2. Using the polar transformation relation r = c · Z⊗3 and solving the
system with c0 = c2 = 0.

r = c · Z⊗3 =⇒ r = {0, c1, 0, c3, c4, c5, c6, c7}.



1 0 0 0 0 0 0 0
1 1 0 0 0 0 0 0
1 0 1 0 0 0 0 0
1 1 1 1 0 0 0 0
1 0 0 0 1 0 0 0
1 1 0 0 1 1 0 0
1 0 1 0 1 0 1 0
1 1 1 1 1 1 1 1



=⇒ r =



c1 ⊕ c3 ⊕ c4 ⊕ c5 ⊕ c6 ⊕ c7
c1 ⊕ c3 ⊕ c5 ⊕ c7

c3 ⊕ c6 ⊕ c7
c3 ⊕ c7

c4 ⊕ c5 ⊕ c6 ⊕ c7
c5 ⊕ c7
c6 ⊕ c7

c7



T

=



r0
r1
r2
r3
r4
r5
r6
r7



=⇒


r0 = r1 ⊕ r4 ⊕ r5 (a)
r2 = r3 ⊕ r6 ⊕ r7 (b)

Constraints (a) and (b) suggest that the proposed node can be decomposed into two S PC
nodes: S PC1 is formed by the bit indices {0, 1, 4, 5} and S PC2 by the bit indices {2, 3, 6, 7}.

4.2 Generalization of our proposed node for N > 8

Let a node of length N = 2n, where n > 3. We divide the vector r into M =
N
4

sub-blocks of
size 4. The following parity constraints apply according to equation (10)



(a) : r0 = r1 ⊕
M−1
k=1

(r4k ⊕ r4k+1)

(b) : r2 = r3 ⊕
M−1
k=1

(r4k+2 ⊕ r4k+3)

(10)
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The first constraint (a), which imposes that r0 and r1 together with the first pairs of each

sub-block form an SPC node of size
N
2

, ensures the parity of this specific group, while the
second constraint (b) concerns r2, r3 together with the second pairs of the remaining sub-
blocks.

Algorithm 1 below summarizes the decoding steps of our proposed node.

Algorithm 1 Decoding with a Proposed Node
Require: P P is the length of the proposed node
Require: LLR vector of length P
Ensure: Decoded codeword ĉP

1: Divide LLR vector into M = P/4 subframes of size 4: S 1, S 2, . . . , S M

2: for k = 1 to 2 do
3: Create S PCk node from the (2k − 1)-th and (2k)-th elements of each subframe
4: S PCk ←

⋃M
j=1[S j,2k−1, S j,2k]

5: Decode S PCk for j = 1, . . . ,M Standard SPC rule
6: end for
7: ĉP ← Assemble all decoded bits in original order interleaving of S PC1 and S PC2
8: return ĉP

5 Results and discussion

In this section, we compare the error-correction performance of the Fast-SSC-Extended de-
coder, in which we integrate our proposed node, with that of the standard SC and the Fast-SSC
Basic decoders. Figure 3 shows the evolution of the Bit Error Rate (BER) as a function of the
Signal-to-Noise Ratio (SNR) for a polar code PC(256,128).

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

SNR(dB)

10-6
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100
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Figure 3. Performance of SC, Fast-SSC-Basic, and Fast-SSC Extended decoders.
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The results show that, at BER = 10−5, the correction performance of the different polar
code decoders are the same. This observation validates that the proposal of a new type of
node does not degrade error-correction efficiency.

Table 2 compares the number of operations required for three polar code decoding algo-
rithms: SC-Standard, Fast-SSC-Basic, and Fast-SSC-Extended. The Fast-SSC-Basic decoder
reduces the computational complexity by 65% (1,331 operations avoided) compared to the
SC-Standard decoder, while the Fast-SSC-Extended decoder achieves a reduction of 73.7%
(1,510 operations avoided).

Table 2. Number of operations required for SC-Standard, Fast-SSC-Basic, and Fast-SSC-Extended
decoders

Decoders SC-Standard Fast-SSC-Basic Fast-SSC-Extended
Number of Operations 2048 717 538
Reduction of complexity – 65% 73.7%

These results highlight the significant efficiency of Fast-SSC methods, particularly the Ex-
tended version, in optimizing polar code decoding, a key challenge in resource-constrained
systems. The complexity reduction achieved by the proposed node results from the decompo-
sition into two SPC sub-nodes, which replaces the costly recursive traversal of the binary tree
with two parallel SPC operations. This decomposition fully retains the LLR reliability values
associated with each bit, thereby ensuring that the decisions made for each SPC sub-node are
optimal, which guarantees performance compared to the standard SC decoder.

6 Conclusion and Perspectives

In this work, we presented an optimization of the Fast-SSC decoder for polar codes by intro-
ducing a new specialized node. By exploiting an additional structural property, we derived an
instantaneous decoding rule that allows optimal processing of this node. Simulation results
confirm that our approach achieves a reduction in computational complexity while maintain-
ing error-correction performance, contributing to lower energy consumption for future com-
munication systems. However, the presented results are limited to the AWGN channel, and
extension to other channel types remains to be explored. Several research avenues emerge.
First, an exhaustive search for other special nodes could be conducted by systematically an-
alyzing frozen bit distributions for different codeword lengths. Second, a major avenue is to
extend this work to Successive Cancellation List decoding. Third, machine learning tech-
niques could be used to adaptively learn and identify patterns of special nodes in code trees.
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