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Abstract. Polar codes have aroused extensive attention due to their
capacity-achieving property and low encoding and decoding complexity.

With the increasing demand for real-time and high-quality applica-
tions, achieving low-latency communication in resource-constrained sce-
narios such as on Internet of Things (IoT) devices has become essential.
This paper proposes a modified semi-parallel decoder for 5G IoT com-
munication, with low decoding latency and high efficiency of hardware
resources. 4-bit decoding algorithm and look-ahead approach are used in
this work to reduce latency caused by conventional semi-parallel architec-
ture. For a code length of N = 210, the proposed decoder improves latency
by 48.64% and 75.19% than the conventional semi-parallel decoder and
2-bit decoder, separately. The significant improvement in hardware uti-
lization rate of processing elements by 68.42% and 119.35% leads to high
efficiency of hardware resources.
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1 Introduction

The evolving of fifth generation (5G) networks is becoming more readily available
as a major driver of the growth of Internet of things (IoT) applications. The chal-
lenges for Emerging 5G-IoT Scenarios, such as reliability performance, latency
and throughput, cost-efficiency, remain significant [1]. Polar code [2], proposed
by Arıkan, is the first forward error-correcting code that achieves the channel
capacity of binary-input discrete memoryless channels (B-DMCs). In the 5G
enhanced mobile broadband (eMBB) scenarios[3], the polar codes are adopted
as the coding scheme for the control channel. Since the encoding and decoding
complexity of polar codes are relatively low, low-latency and hardware-efficient
polar decoder is suitable for 5G-IoT communication.

Successive cancellation (SC) decoding [2], one of main types of polar codes
decoding algorithm, achieves low complexity of O(NlogN). Derived from SC
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decoding, successive cancellation list (SCL) decoding [4] and successive cancella-
tion flip (SCF) decoding [5], have been broadly studied for better error-correction
performance but with higher complexity. Belief propagation (BP) decoding [6]
takes the advantage of low latency as well as high throughput, at the cost of high
computation complexity, which is not suitable for resource-constrained applica-
tions.

In terms of hardware implementation, SC decoding architectures such as line
architecture and tree architecture were proposed in [7]. In [8], a semi-parallel
architecture was proposed to reduce processing complexity, which consumed less
hardware resources than the prior ones. However, less throughput is performed
by semi-parallel architecture than other architectures owing to its increased
latency. A partial-sum unit with shift register was proposed in [9], which reduces
delay in critical path and improve the frequency of the previous partial-sum
unit used in [10]. A look-ahead technique was proposed to accelerate SC decod-
ing in [11] by calculating all the possible outcome of the bits that have not been
decoded yet ahead of time, and choosing the appropriate one once the corre-
sponding bit is computed. Multi-bit decoding algorithm and architectures were
proposed to decode more than one bit in [12,13]. However, the relative increase
in hardware resources consumption is more than the relative decline in latency.

In this work, a novel semi-parallel architecture of polar decoder is introduced.
The proposed architecture uses 4-bit decoding algorithm and look-ahead app-
roach to reduce latency and improve the efficiency of hardware resource, which
is suitable for resource-constrained devices. The main contributions of our work
can be summarized as follows: Our design extends the semi-parallel architec-
ture in [10] to remain high efficiency of hardware resource and reduce latency
punishment. The proposed decoder reduces hardware resources by yielding bet-
ter hardware utilization of processing elements with better latency performance
compared to [10,14,15].

The remainder of this paper is organized as follows: Sect. 2 provides an
introduction to polar codes and SC decoding algorithm. In Sect. 3, the proposed
architecture is presented. Then, the performance and comparisons are discussed
in Sect. 4. Section 5 concludes the work.

2 Background

2.1 Polar Codes

Polar codes are operated based on channel combination and polarization theory.
Consider an (N,K) polar codeword, where K represents the length of information
and N=2n denotes the length of codeword. The information vector (u0, u1, u2,
u3,..., uK−1) is to be encoded and the rest of N−K bits are defined as frozen bits.
K information bits are assigned at the most reliable positions and N −K frozen
bits, usually set as ’0’, are assigned at the rest positions. Then, the encoded
vector XN−1

0 = (X0,X1,X2,X3, ..., XN−1) can be derived from the information
vector uK−1

0 by the generator matrix GN as

XN−1
0 = uK−1

0 GN , (1)
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Fig. 1. Encoding graph of polar codes for N=8.

where the generator matrix can be obtained by n times kronecker power of
following matrix

F =
[

1 0
1 1

]
. (2)

The encoding graph of polar codes for N=8 is shown as Fig. 1.

2.2 Successive Cancellation Decoding Algorithm

SC algorithm decodes the information vector from the log-likelihood ratios
(LLRs) Ln,i. The bit ui is estimated successively according to the previously
decoded bits and LLR values. The process of decoding is illustrated in Fig. 2.

Function f and g can be calculated by the min-sum functions

f (La, Lb) ≈ sign (La) sign (Lb) min (|La| , |Lb|) , (3)

g (ŝ, La, Lb) = La(−1)ŝ + Lb. (4)

Consider N = 2n is the polar codes length and let Ll,i be the LLRs at each
stage. During the decoding process, the decoded vector can be calculated by

ui =

⎧⎨
⎩

0 if iεAc

1 if L0,i ≥ 0
0 otherwise ,

(5)

where ui is the decoded bit and L0,i is the LLR of corresponding bit ui .

3 Proposed Semi-parallel Decoder Architecture

3.1 Over Architecture

The computation part of the proposed decoder mainly consists of processing
elements (PEs), which perform g function or f function mentioned before. Due
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Fig. 2. SC decoding of polar codes for N = 8.

to the sequential nature of SC decoding, some of the PEs are set in idle state
during the later stages of decoding, resulting in low utilization of the PEs. The
most imperfection that all previous structures confronted is their utilization rate
of PEs declines as the code length increases. [10] proposed a semi-parallel archi-
tecture to reduce the number of PEs implemented, resulting in higher resource
utilization. However, as multiple cycles are required for node updates of LLR
values, this leads to increased latency. Complicated multiplexing logic results in
complicated control modules between PEs and the rest of the parts, which also
increases latency.

In this work, we proposed a novel SC polar decoder with semi-parallel archi-
tecture using 4-bit decoding, as shown in Fig. 3. In order to make use of hardware
resources, a larger codeword is decoder by PEs lesser than N/2.

The mechanism of the proposed decoder can be summarized as follows.
Firstly, the LLRs received from the channel are loaded into the random access
memory (RAM), which can store and output data simultaneously, to be further
processed. The f node and g node of PEs receive LLRs respectively. Then, The
PEs output intermediate LLR values such as minimum, added and subtracted
LLRs. Then, these LLRs are put into the corresponding RAMs by multiplexers
(MUXs). In the decoding process, f node LLRs and channel LLRs are preserved
in one RAM. The rest two RAMs are utilized to preserved added and subtracted
LLR values of g node respectively. The LLRs produced by the last but one stage
are processed by 4-bit PEs and the output of these PEs are sent to decision unit
to output decoded bits. Then, Partial-sum units (PUs) receive decoded bits to
output partial sums required for the PEs of g node.
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Fig. 3. Overall Architecture of Proposed Decoder.

3.2 Proposed 4-Bit Processing Element

According to Eqs. 3 and 4, 4-input functions can be calculated to be as follows

ff (L0, L1, L2, L3) ≈ sgn (L0) sgn (L1) sgn (L2) sgn (L3)
·min {|L0| , |L1| , |L2| , |L3|} , (6)

fg (L0, L1, L2, L3, ŝ00) ≈ sgn (L1) sgn (L3) · min {|L1| , |L3|}
+(−1)ŝ00 sgn (L0) sgn (L2) · min {|L0| , |L2|} , (7)

gf (L0, L1, L2, L3, ŝ01, ŝ11) ≈ sgn
(
L0(−1)ŝ01 + L2

)
· sgn

(
L1(−1)ŝ11 + L3

)
·min

{∣∣sgn
(
L0(−1)ŝ01 + L2

)∣∣ ,
∣∣L1(−1)ŝ11 + L3

∣∣} , (8)

gg (L0, L1, L2, L3, ŝ10, ŝ01, ŝ11) = (−1)ŝ10+ŝ01L0

+(−1)ŝ11L1 + (−1)ŝ10L2 + L3, (9)

where sij is the ith partial sum located in the jth decoding level.
To reduce the decoding latency, 4-bit PEs are used in the last stage to decode

4 bits simultaneously. The corresponding hardware architecture of 4-bit PEs is
illustrated in Fig. 4.

The intermediate nodes can be processed until the computations of corre-
sponding partial sums are done, which is a bottleneck of decoding latency. The
partial sum with look-ahead can accelerate the decoding process to compute
intermediate nodes before the partial sums are available. This is achieved by
calculating all possibilities and choosing the right value at the time the partial
sums are produced. The idle PUs can be used for these processes, since not all
PUs are occupied during decoding stage. The PU with look-ahead contributes
to latency decrease at cost of a little more computation.
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Fig. 4. Architecture of 4-bit PE.

3.3 Pipelined Partial-Sum Unit

Owing to its recursive nature, PU of code length 2n, as depicted in Fig. 5,
consists of 2n−1 PUs with extra filp flops (FFs), multiplexers (MUXs) and XOR
gates.

Two XOR gates take the critical path of PU, since a XOR is processed 4 bits
acquired from 4-bit PE , and the resultant is XOR with previous value u0 + u1

to generate a partial sum of u0 + u1 + u2 + u3.

Fig. 5. Partial-sum Unit for N=8.

3.4 Channel Buffer and RAM

Due to limited processing elements used in the proposed architecture, it isn’t
viable to process all the channel data at the same time for polar codes with
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greater length. Thus, the channel LLRs in a gather of P are fed in the RAM,
where P is settled as 64 in this work. For a code length of N = 1024, 16 clock
cycles are need to load these LLRs into the channel buffer. The RAM is utilized
to write the new LLRs and output LLRs to channel buffer at the same time.

3.5 Scheduling Principle

The most imperfection that all previous structures confronted is their utilization
rate declines when the code length increases. The utilization rate is defined as
the ratio of the whole number of node updates to the product of latency and
hardware complexity.

In this work, the utilization rate of PEs can be increased by decreasing the
number of PEs. Reduced PEs results in more node updates in each stage and
more time to compute intermediate LLRs, resulting in the increase in latency.
With the proposed approach, the PEs of last stage are replaced by 4-bit PEs,
which decode 4 bits in a single time. Let P be the number of PEs, where P
= 2p. Within the stages l where 2l<P , the clock cycles is diminished by half,
while the rest stages are not influenced. With look-ahead technique applied in
partial-sum unit, all the possible values of 4-bit PEs are computed ahead of
time. The last stage updated 2n−l−3 times when n >3 in a single clock cycle,
and the corresponding values are chosen by MUX.

4 Experimental Results

4.1 FER Performance

Error correction performance of the proposed decoder is shown in Fig. 6 for
different quantization bits. It is inferred frame error rate (FER) performance
is degraded by only 0.25 dB for 5 bit quantization compared to floating point
decoder.

The equivalent quantization bits of Q = 5 for the received LLR are given
along with necessary inputs to the decoder and the estimated bits are compared
with the message vectors for the error correction performance.

4.2 Latency Performance

The decoding latency L of the proposed decoder can be calculated by

L =
∑
l=0

2n−l−2 +
∑
l=0

2n−l−3 +
p∑

l=1

2n−l−2 +
n−1∑

l=p+1

2n−l−22l−p

=
1
2
N +

N

4P
(log2

N

4P
− 1). (10)
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Fig. 6. Effect on FER performance of polar codes.

Figures 7 and 8 present the performance of the proposed decoder and existing
SC polar decoders. The conventional semi-parallel SC decoder can be obtained
from [10]. [14] presented a scalable SC decoder and [15] presented a 2-bit SC
decoder.

According to Fig. 7, it is obvious that our proposed decoder costs much less
clock cycles compared to previous decoders. For the length N = 1024, the latency
of the proposed decoder is reduced by 48.64% and 75.19% than 2-bit SC decoder
and conventional semi-parallel decoder, respectively.
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Fig. 7. Latency performance of proposed decoder and existing decoders.
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4.3 Hardware Resources Consumption

The computation part of decoder mainly consists of processing elements (PEs).
Thus, the efficiency of hardware resources depends on the utilization rate of PEs.

The utilization rate α [10] is defined as the ratio of the whole number of
node updates to the product of computation time and computational resource
complexity as

α � total number of node updates
computational resource complexity × computation time

. (11)

The utilization rate of PEs in this work can be calculated as

α =
N log2 N

2P
(
1
2N + N

4P (log2
N
4P − 1)

) =
2 log2 N

2P + log2
N
4P − 1

. (12)

Figure 8 indicates that our proposed decoder significantly contributes to
the improvement in efficiency of hardware resources. The utilization rate of our
decoder increased by 68.42% than semi-parallel decoder and 119.35% than scal-
able decoder. The utilization rate of 2-bit SC decoder declines with the increase of
the length of codes, since the tree architecture used in 2-bit SC decoder and other
conventional decoders require more PEs for computation. While semi-parallel
and scalable architecture utilize relatively fixed PEs.
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Fig. 8. Utilization rate of the proposed decoder and existing decoders.

All these four polar decoders for a code length of N=1024 with 5-bit quantiza-
tion are implemented using Xilinx Kintex-7 FPGA. Table 1 shows the hardware
resource consumption of conventional semi-parallel decoder, scalable decoder,
2-bit SC decoder and the proposed decoder. LUT refers to Look-up table and
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FF denotes flip flop, which are the fundamental resources of FPGA. It can be
concluded that the proposed decoder utilizes less hardware resources like LUTs
and FFs than existing decoders. While its RAM consumption is higher than
previous semi-parallel decoder and 2-bit SC decoder because of extra storage
required by look-ahead partial-sum units.

Table 1. The hardware resource consumption of decoders.

Decoder LUT FF RAM(bits)

Conventional semi-parallel decoder 4,130 1,691 15,104

Scalable decoder 2,866 1,304 41,648

2-bit SC decoder 7,432 972 14,324

Proposed decoder 2,544 830 31,104

5 Conclusion

In this paper, we have introduced a hardware-efficient architecture for polar
decoder by modifying semi-parallel architecture. With reduced PEs, its hard-
ware utilization rate is improved significantly. The proposed architecture utilizes
4-bit decoding and look-ahead technique to reduces latency. The results show a
higher efficiency of hardware resources and lower latency than previous decoders.
For a code length of N = 210, the proposed decoder improves latency by 48.64%
and 75.19% than the conventional semi-parallel decoder and 2-bit decoder, sep-
arately. The significant improvement in hardware utilization rate of processing
elements by 68.42% and 119.35% leads to high efficiency of hardware resources.
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