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Abstract—Reducing the power consumption of baseband chips
in wireless terminals of the Industrial Internet of Things
(IIoT) is a great challenge. Among them, the logic function
of the rate matching and interleaving hardware module is
very complex, which occupies a considerable portion of power
consumption in the baseband chip, so it is of great significance
to design a low-power rate matching and interleaving hardware.
Due to differences in interleaving algorithms and throughput,
the interleavers used in 4G long term evolution (LTE) and
5G NR/6G have not been merged into a single architecture.
Switching between different standards provides new options
for interleaver design, and by configuring the architecture of
different interleavers, it is possible to use the same hardware
for different standards to reduce hardware resources and power
consumption. This article studies the block interleaving and rate
matching of turbo codes, convolutional codes, polar codes, and
low-density parity check (LDPC) codes used in 4G LTE and
5G NR/6G communication links. With regard to the different
algorithms for these four types of encoding, shared design is
carried out on the hardware structure. In this experiment,
according to the proposed memory and interleaving sharing
scheme for hardware design and hardware simulation, the area
overhead of 0.1 µm2 and power consumption of 4.31 mW are
obtained by Synopsys synthesis at the SMIC 28-nm process
and the frequency of 50 MHz. This achieves the maximum
hardware reuse of four encoding schemes in the downlink
communication link of 4G LTE and 5G NR/6G, and reduce power
consumption.

Index Terms—Block interleaving, hardware multiplexing,
Industrial Internet of Things (IIoT), rate matching.

I. INTRODUCTION

W ITH the rapid development of the Industrial Internet of
Things (IIoT), it is also facing some challenges: in the

stage of interconnectivity, there may be strong electromagnetic
interference. And during channel transmission, noise can
damage the integrity and accuracy of information, potentially
leading to errors in the information received at various lev-
els [1]. In order to solve this problem, after encoding at the
physical layer, rate matching and interleaving are adopted
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to better combat noise and improve the reliability of data
transmission [2], and improve the stability of the IIoT wireless
terminal system. Rate matching and interleaving hardware are
indispensable components of IIoT wireless terminals [3]. This
hardware is typically implemented using application-specific
integrated circuit (ASIC) technology and are integrated into
baseband chips, such as Vivek Karthick Perumal, presented
a reconfigurable design for interleaver based on ASIC tech-
nology [4], Akshaya et al. [5] designed rate matching and
interleaving hardware for turbo codes, which was implemented
and synthesized in ASIC, and Lakshmi and Jayakumari [6]
proposed a reduced complexity rate-matching and channel
interleaver based on ASIC technology. The rate matching and
interleaving hardware module accounts for approximately 20%
of the total power consumption in 5G baseband chips [2], [6].
These hardware modules account for a considerable amount
of the power consumption in baseband chips, to the extent, it
impacts the performance of IIoT wireless terminal system [7].
Reducing the power consumption of baseband chips in IIoT
wireless terminals is a great challenge to be solved. We
hence focus on the design of low-power rate matching and
interleaving hardware, and study the hardware fusion and
multiplexing scheme to achieve the low-power rate match-
ing and interleaving hardware under multistandards for IIoT
wireless terminal, this not only contributes to improve the
reliability and timeliness of information transmission, but also
solves the challenge of reducing the power consumption of
baseband chips in IIoT wireless terminals.

A. Object and Contribution

In Internet of Things (IoT) 6G environments, the power con-
sumption of the interleaver proposed in [8] was 20 mW. In 5G
NR standard, the power consumption and memory area of the
rate matching and interleaving hardware proposed in [9] were
36 mW and 3.1 μm2, respectively. The power consumption of
the interleaver proposed in [10] was 28.62 mW. It can be seen
that the state-of-art rate matching and interleaving hardware
have high-power consumption and silicon area. At present,
there is not yet a fully implementable low-power rate matching
and interleaving hardware for 4G long term evolution (LTE)
and 5G NR/6G communication links. For four encoding
schemes under 4G LTE and 5G NR/6G communication link,
we propose the hardware-friendly rate matching and parallel
interleaving method for turbo code, convolutional code, polar
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code and low-density parity check (LDPC) code, find out the
common part, and carry on the fusion design to the hardware
architecture and circuits, which can achieve hardware module
reuse to a certain extent. This design not only saves silicon
area and power consumption in hardware implementation,
but also realizes multiple standards through the same set
of hardware and flexibly switches under multiple standards,
which improves the flexibility and reconfiguration of the IIoT
wireless terminal system to a certain extent. Moreover, we pro-
pose the parallel conflict-free addressing methods for parallel
interleaving, the corresponding address computation circuits
and the shared circuits for address computation unit of four
codes, which can make the hardware system process multiple
bits in one clock, improve the throughput of the system,
reduce the encoding latency, and meet the requirements of IIoT
wireless terminal system for higher user data rate to a certain
extent. The main contributions of this article are as follows.

1) Proposing the hardware-friendly rate matching and par-
allel interleaving methods for four encoding schemes.

2) Proposing the parallel conflict-free addressing methods
for parallel interleaving, and the shared circuits for the
corresponding address computation unit of four codes.

3) Based on the proposed hardware fusion and multiplexing
scheme, designing the hardware architecture and circuits
for rate matching and interleaving of four codes involved
in 4G LTE and 5G NR/6G communication link.

B. Organization

The organizational structure of this article is as follows.
In Section II, the related work is presented. In Section III,
rate matching and parallel interleaving methods of four coding
schemes under 4G LTE and 5G NR/6G communication link
are presented. In Section IV, implementation methods of
hardware design and sharing are proposed. In Section V,
experimental results and analysis are presented. In Section VI,
summary is made.

II. RELATED WORK

From the perspective of mobile communication develop-
ment, rate matching in third generation partnership project
(3GPP) standard was a process of getting the right number of
bits out of full-rate channel encoded bits through repetition or
perforation at the transmitter. The purpose of rate matching is
to select a specific set of encoded bits for transmission by the
process of puncturing and repetition, so as to support hybrid
automatic repeat request (HARQ) operation. Hu et al. [11]
proposed a rate matching algorithm based on the transfer func-
tion matching principle, which could enhance the performance
of interleave-division multiple access (IDMA) scheme for
5G/6G. However, the hardware construction complexity of
this method was relatively high. Suls et al. [12] proposed
a rate matching scheme that could effectively reduce data
transmission errors and retransmission requirements. However,
the power consumption of this method was relatively high.
Saha and Adrat [13] proposed a rate match method for polar
codes based on novel downsizing type-selection parameter,
which could optimize the utilization of transmission resources.

However, this method increased the cost of hardware imple-
mentation. In summary, the aforementioned state-of-art rate
matching methods [11], [12], [13] would cause relatively large
hardware resource consumption and power consumption in the
hardware implementation phase.

From the perspective of different interleaving methods, in
IIoT. Son and Kim [14] proposed a bit interleaving coding
scheme of MIMO systems, which regulated the interleaving
indices to achieve that illegal eavesdropper could not retrieve
any information. However, the implementation of this method
required quite a few hardware resources, and increased the
hardware cost of the system. Kong and Park [15] proposed
an interleaving method that could divide interleaving patterns
into P disjoint subpatterns, and achieved P-parallel processing
without degrading error-rate performance noticeably. However,
this method consumed a large amount of storage resources, and
caused unnecessary overhead in the IIoT wireless terminal. A
novel cyclic multilevel Tree interleaver (CM-Tree) theoretical
model was proposed in [16], which could solve the problem of
high latency in communications. A two-way time interleaving
scheme was proposed in [17], which could further improve the
reliability of data transmission. However, the power consump-
tion of these interleaving method [16], [17] were relatively
high. In summary, the aforementioned state-of-art interleaving
methods [14], [15], [16], [17] had high-power consumption
and silicon overhead.

From the perspective of different encoding schemes, 5G/6G
adopted LDPC code as the channel encoding candidate for
data channels [3]. Fang et al. [18] proposed a rate-matching
and bit-interleaving functions for LDPC codes to overcome
the problem of burst errors in the communication system. With
the development of 5G/6G, polar codes have become a hot
research topic in the field of communications. Wang et al. [19],
Ahmed and Al-Raweshidy [20], and Kestel et al. [21]
proposed different rate-matching and interleaving methods for
concatenated polar codes to improve the error performance
of finite-length polar codes. The 4G LTE communication
link adopts turbo codes and convolutional codes. Sahnoune
et al. [22] proposed an interleaving method for turbo codes
using general symmetric unimodal maps, which could achieve
better performance. Jihwan and Lee [23] proposed a block
interleaving method for convolutional codes, which could
improve the bit error rate (BER) performance of the convo-
lutional code. The aforementioned state-of-art rate-matching
and interleaving methods for different encoding schemes [18],
[19], [20], [21], [22], [23] could only be implemented on the
specialized hardware, not on the same hardware, which would
increase additional hardware resource and power consumption
of system, and reduce the flexibility of the system in different
encoding schemes.

In summary, the research on interleaving and rate matching
algorithms is relatively mature, but there is not yet a fully
implementable low-power rate matching and interleaving cir-
cuit for 4G LTE and 5G NR/6G communication links. In
order to solve this challenge, we propose the hardware-friendly
rate matching and parallel interleaving algorithm, and propose
the hardware fusion and multiplexing scheme to achieve the
low-power rate matching and interleaving hardware under
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Fig. 1. Turbo code rate matching process. In figure, dk(0), dk(1), and dk(2)

represent the input bit stream of different sub-block interleaver, respectively.
vk(0), vk(1), and vk(2) represent the output bit stream of different sub-
block interleaver, respectively. wk represent the bit sequence stream after bit
collection.

multistandards for IIoT wireless terminal. Moreover, some
state-of-art parallel conflict-free addressing methods for par-
allel interleaving were proposed in [14], [15], [16], and [17],
these methods introduced the misalignment technique when
generating two addresses. But in these methods, the value
of the misalignment factor was too large, when the number
of conflicts was too high, these methods would use a large
number of buffers to resolve conflicts. In order to reduce
the cost of memory resources, the encoding latency, and
improve system throughput, we propose the parallel conflict-
free addressing methods for parallel interleaving, which can
eliminate the conflict of most data blocks based on fewer
storage resources.

III. RATE MATCHING AND INTERLEAVING

OF THE FOUR CODES

After turbo code, convolutional code, LDPC code and polar
code are encoded, the output bit stream must go through the
rate matching process to select the information bits that match
the channel resources for transmission. The rate matching
process also involves the interleaving, which reorders the
encoded bits to improve the anti-interference performance of
the communication system. The rate matching process for each
code is as follows.

A. Turbo Code Rate Matching

In the transmission channel of LTE system, there are
two encoding schemes: 1) turbo code and 2) convolutional
code, both of which have a bit rate of 1/3. According to
3GPP related protocols [24], the encoding output of turbo
code consists of three-way bit streams dk(0), dk(1), and
dk(2). Rate matching is achieved by completing parallel sub-
block interleaving of three-way bit streams, bit collection, bit
selection and punching. The specific implementation process
of rate matching is shown in Fig. 1.

The three-way bit streams generated by the encoder enter
three sub-block interleavers with equal bit stream lengths
in parallel. The length of each bit stream is D. The block
interleaver is the row interleaving, and the number of columns
C is 32. The number of rows R is determined according to

D ≤ R × C. (1)

TABLE I
TURBO BLOCK INTERLEAVED COLUMN PERMUTATION MODE

If D = R × C, the three-way bit streams enter three sub-
block interleavers directly from left to right in parallel. If
D < R × C, it is necessary to fill ND null bits and then
perform intercolumn permutation, and the size of ND value is
determined according to

ND = R × C − D. (2)

The filled bits are 0, 1, 2, . . . , ND − 1, in the block
interleaver, first filling the null bit, then filling the encoded
bit stream, that is, yk = <null>, k = 0, 1, 2, . . . , ND −
1, yND+k = dk(i), k = 0, 1, 2, . . . , D − 1, i = 0, 1, 2. After
filling, the bit sequence yk is written into the R × C matrix
by row
⎛
⎜⎜⎜⎜⎜⎝

yP(0) yP(1) yP(2) · · · yP(C−1)

yP(0)+C yP(1)+C yP(2)+C · · · yP(C−1)+C

.

.

.
.
.
.

.

.

.
. . .

.

.

.

yP(0)+(R−1)×C yP(1)+(R−1)×C yP(2)+(R−1)×C · · · yP(C−1)+(R−1)×C

⎞
⎟⎟⎟⎟⎟⎠

.

(3)

For dk(0) and dk(1), the bit stream written into the matrix
is expanded by column for permutation, where P(j) is the
original column position of the jth permutation column, and
the intercolumn permutation sequence is shown in Table I.
After column permutation, the order of the R×C matrix is as
follows:⎛
⎜⎜⎜⎜⎜⎝

yP(0) yP(1) yP(2) · · · yP(C−1)

yP(0)+C yP(1)+C yP(2)+C · · · yP(C−1)+C

.

.

.
.
.
.

.

.

.
. . .

.

.

.

yP(0)+(R−1)×C yP(1)+(R−1)×C yP(2)+(R−1)×C · · · yP(C−1)+(R−1)×C

⎞
⎟⎟⎟⎟⎟⎠

.

(4)

The output bit stream of sub block interleaving is a sequence
of bits outputted column by column from the inter column
permutation matrix, and arranged sequentially. The bitstream
output by block interleaving is represented as vk(i), k = 0, 1,
2, . . . , R×C−1, and i= 0, 1, where v0(i) represents yp(0) and
v1(i) represents yp(0)+C, which are output in columns in turn.

For dk(2), the output sequence of block interleaving is vk(2),
k = 0, 1, 2, . . . , and R × C − 1. The positional correspondence
between the encoded sequence written into the R×C matrix
and the output sequence vk(2) is shown as follows:

vk(2) = yð(k) (5)

wherein

π(k) =
(

P

(⌊
k

RTC
subblock

⌋)
+ CTC

subblock ×
(

k mod RTC
subblock

)
+ 1

)

mod (R × C). (6)

where CTC
subblock is the number of columns of the sub-block

and RTC
subblock is the number of rows of the sub-block. After
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Algorithm 1 Turbo Code Bit Selection
1. set k = 0 and j = 0
2. while {k < E} do
3. if w(k0+j) mod Ncb �=< null > then
4. ek = w(k0+j) mod Ncb

5. k = k + 1
6. end if
7. j = j + 1
8. end while

the three interleaved bitstreams are output, vk(i), i = 0, 1, 2 is
put into the circular buffer in the order shown in 7, where wk

represents the bit sequence stream after bit collection

wk = vk(0)k = 0, 1, . . . , R × C − 1

wR×c+2k = vk(1)k = 0, 1, . . . , R × C − 1

wR×c+2k+1 = vk(2)k = 0, 1, . . . , R × C − 1. (7)

After the bits enter the circular buffer, the bit selection pro-
cess is completed by setting the relevant parameters according
to the corresponding upstream and downstream transmission
channels, and the bit selection is shown in Algorithm 1, where
ek is the bit selection output sequence, E is the bit length of
ek, and Ncb is the length of circular buffer.

B. Convolutional Code Rate Matching

In 4G LTE, in addition to the transmission channel (BCH,
sidelink broadcast channel), the convolutional code encoding
scheme is also used in some control information transmis-
sion (downlink control information (DCI), uplink control
information, spatial channel information). The convolutional
code rate matching process is the same as the process shown in
Fig. 1, but the specific parallel sub-block interleaving and bit
selection algorithms are different from those of turbo codes.

For the convolutional codes dk(0), dk(1), and dk(2), it is
assumed that each bit stream has D input information bits and
the three outputs are of the same length. The vk(0), vk(1),
and vk(2) output in parallel by three sub-block interleavers are
obtained by the following process.

1) The number of columns of the block interleaver C is
set to 32, that is, the columns of the matrix from left to
right are 0, 1, 2, . . . , C − 1.

2) The number of matrix rows is set as R, and the size of
R is also determined by 1. The rows of matrix from top
to bottom are 0, 1, 2, . . . , R − 1.

3) If the multiplication value of the row value and the
column value is equal to the number of encoded bits
per way, the three-way bit streams enter three sub-block
interleavers directly from left to right in parallel. If the
multiplication value of the row value and the column
value is greater than the number of encoded bits per way,
ND null bits are added and the ND value is determined
according to 2. Then bit y0 is written in row order
starting from 0th column and 0th row. The coded bit
is written to the R × C matrix, as shown in 8, where

TABLE II
CONVOLUTIONAL BLOCK INTERLEAVED COLUMN PERMUTATION MODE

Algorithm 2 Convolutional Code Bit Selection
1. set k = 0 and j = 0
2. while {k < E} do
3. if wj mod KW �= < null > then
4. ek = wj mod KW

5. k = k + 1
6. end if
7 j = j + 1
8. end while

yk =< null >, k = 0, 1, 2, . . . , ND − 1, yND + k =
dk(i), k = 0, 1, 2, . . . , D − 1, i = 0, 1, 2
⎛
⎜⎜⎜⎝

y0 y1 y2 · · · yC−1
yC yC+1 yC+2 · · · y2C−1
...

...
...

. . .
...

y(R−1)×C y(R−1)×C+1 y(R−1)×C+2 · · · y(R×C−1)

⎞
⎟⎟⎟⎠. (8)

After the coded bits are written to the matrix, the intercol-
umn interleaving is performed according to the intercolumn
permutation pattern given in Table II, where P(j) is the original
column position of the jth permutation column. After the
intercolumn permutation, the bit sequence is read out from the
matrix R × C by column.

After block interleaving, the bit streams vk(0), vk(1), and
vk(2) enter the circular buffer of length 3 × R × C for bit
collection in the order shown in

wk = vk(0) for k = 0, 1, . . . , R × C − 1 (9)

wR×c+k = vk(1) for k = 0, 1, . . . , R × C − 1

w2×R×c+k = vk(2) for k = 0, 1, . . . , R × C − 1.

Bit selection is performed after the bit sequence is output
from the circular buffer, and the bit selection process is shown
in Algorithm 2, where KW represents the sum of the data
stream lengths of the three interleaved sub-blocks, the value
of Kw is shown in 10. The bit sequence ek with length E is
output for transmission and the rate matching process of the
convolutional code is completed

KW = 3 × R × C. (10)

C. Polar Code Rate Matching

Different transmission channels and control information use
different coding schemes [25], [26]. In 5G NR/6G, polar code
is used for BCH transmission channel and DCI.

The polar code rate matching is performed for each code
block individually and consists of three parts: 1) sub-block
interleaving; 2) bit selection; and 3) bit parallel interleaving.
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Algorithm 3 Polar Code Sub-Block Interleaving
1. for n = 0 to N − 1 do
2. i = �32n/N�
3. J(n) = P(i) × (N/32) + mod(n, N/32)

4. yn = dJ(n)

5. end for

start

E N

K/E 7/16repetition:
1. for k= 0 to E-1 do
2.
3.  end for  punching:

1. for k= 0 to E-1 do
2.
3. end for

shortening:
1. for k= 0 to E-1 do
2.
3.  end for

end

Yes No

Yes No

Fig. 2. Polar bit selection. In figure, E represents the length of bit selection
output sequence, N represents the length of the post-encoding bitstream, K
represents the length of pre-encoding bit stream, ek represents the bit selection
output sequence, and yk represent the encoded bit sequence.

1) Sub-Block Interleaving: The total length of the encoded
output bit stream is N(N = 2n), and N bits enter 32 sub-
blocks for sub-block interleaving. In the interleaving process,
address mapping is performed according to Algorithm 3,
where the interleaving output bit stream is yk, and the sub-
block interleaving sequence permutation order is shown in
Table III. It can be seen from this table that after the bit
sequence enters 32 sub-blocks, only the middle sequence needs
to be replaced, and the positions of the sequences on both
sides remain unchanged.

2) Bit Selection: Bit selection is performed on the inter-
leaved output sequence, which is divided into repetition,
punching and shortening. The bit selection process is shown
in Fig. 2, where K is the pre-encoding bitstream length, N is
the post-encoding bitstream length, and E is the rate matching
output sequence length.

In the downlink transmission channel, the length of rate
matching output sequence is 864, and the three address
calculation formulas for repetition, punching and shortening
are shown in Fig. 2. It can be seen from the bit selection
formula that repetition is to add (E–N) repetition bits based
on the bit sequence yk; puncturing is to extract the last E bits
from the original bit stream of length N; and shortening is to
extract the first E bits from the original N bits

T(T + 1)/2 ≥ E. (11)

3) Bit Parallel Interleaving: Bit parallel interleaving is
performed on the sequence of bit selection output. The bit
selection output sequence is ek, and the bit length of ek

is E. The output sequence through bit interleaving is fk, and
the length remains unchanged. The specific bit interleaving

Algorithm 4 Polar Code Bit Parallel Interleaving
1. if k = 0
2. for i = 0 to T − 1 do
3. for j = 0 to T − 1 − i do
4. if k<E
5. vi,j = ek

6. else
7. vi,j =< NULL >

8. end if
9. k=k+1
10. end for
11. end for
12. k=0
13. for j=0 to T-1
14. for i=0 to T-1-j
15. if vi,j �=< NULL >

16. fk = vi,j

17. k=k+1
18. end if
19. end for
20. end for
21. else
22. for i=0 to E-1
23. fi = ei

24. end for
25. end if

algorithm is determined based on the rate matching length
parameter E and other parameters. When the value of E is not
greater than 8192, the value of T is determined through 11,
and the bit parallel interleaving process is completed according
to Algorithm 4.

D. LDPC Code Rate Matching

In 5G NR/6G, LDPC codes are used for data channels.
For transmission channels, uplink shared channel (UL-SCH),
downlink shared channel (DL-SCH), and paging channel
(PCH) also use LDPC codes. LDPC code rate matching
consists of bit selection and bit parallel interleaving.

1) Bit Selection: For each encoding block, the encoded
output bit stream dk is written into a circular buffer of
length Ncb. The value of Ncb should be determined based on
parameters, such as the length of the encoded bitstream output,
the maximum number of layers for each transmission block in
the shared channel, and the number of code block segments.
E is the encoding bit length for rate matching output. If the
encoding block is not transmitted according to the code block
group transmission information (CBGTI) specification, the rate
matching output bit length is 0. Otherwise, the value of the E
is determined according to Algorithm 5.

In Algorithm 5, NL is the number of transmission layers
for the transmission block mapping, Qm is the modulation
order, G is the total number of encoding bits available for
block transmission. If CBGTI does not exist in the DCI of the
scheduled transmission block, the value of C′ is the number
of segmented code blocks C. If CBGTI exists in the DCI of
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TABLE III
POLAR CODE SUB-BLOCK INTERLEAVING PERMUTATION PATTERN

Algorithm 5 Determination of Output Length Value for LDPC
Code Bit Selection
1. set j = 0
2. for r = 0 to C − 1
3. if j ≤ C′−mod(G/(NL · Qm), C′)−1
4. E = NL · Qm ·

⌊
G

NL·Qm·C′
⌋

5. else
6. E = NL · Qm ·

⌈
G

NL·Qm·C′
⌉

7. end if
8. j = j + 1
9. end for

Algorithm 6 LDPC Bit Selection
1. k = 0;
2. j = 0;
3. while k < E do
4. if d(k0+j) mod Ncb �= < null >

5. ek = d(k0+j) mod Ncb

6. k = k + 1
7. end if
8. j = j + 1
9. end while

TABLE IV
STARTING POSITIONS OF DIFFERENT REDUNDANCY VERSIONS, K0

LDPC base graph 1 LDPC base graph 2

the scheduled transmission block, then the value of C′ is the
number of scheduling code blocks in the transmission block.

LDPC code rate matching is carried out independently
according to each code block, then encoding the output
bitstream with length N, and outputting the bit sequence
ekwith length E after bit selection. The bit selection process
is shown in Algorithm 6. Among them, the parameter k0 must
be determined according to parameters, such as redundancy
versions and factor maps. Table IV shows different redundancy

Algorithm 7 LDPC Code Parallel Interleaving Algorithm
Under Different Modulation Orders
1. for i 0 to E

32 − 1 do
2. for j 0 to 31 do
3. if Qm == 2 then
4. ti·32+j = e E

2 ×mod(j,2)+
⌊

j
2

⌋
+16×i

5. else if Qm == 4 then
6. ti·32+j = e E

4 ×mod(j,4)+
⌊

j
4

⌋
+8×i

7. else
8. ti·32+j = e E

8 ×mod(j,8)+
⌊

j
8

⌋
+4×i

9. end if
10. end for
11. end for

versions and starting positions, as well as the corresponding
values of k0.

2) Bit Parallel Interleaving: The bit stream is output
through bit selection and bit interleaving with bit length
unchanged. Bit parallel interleaving process as shown in
Algorithm 7, where Qm is the modulation order and the
number of rows of block interleaving, E is the output bit length
after rate matching, e is the preinterleaving sequence, and t
is the post-interleaving sequence. In order to be consistent
with the interleaving output order in the standard, when the
modulation order Qm is 1, that is, the number of rows in
the block interleaver is 1, the E bits are divided into several
groups, each group of 32 bits, and are written into the data
memory in sequence, and read out sequentially. When the
modulation orders Qm are 2, 4 and 8, in order to keep the
original output bit order unchanged, we transform the position
of the encoded sequence. Position transformation is completed
according to different modulation orders.

E. Data Flow Diagram

We research the parallel interleaving algorithms of four
different codes, and summarize their similarities, and list the
parallel interleaving implementation processes for the four
codes through a general data flow graph, and use the flow
graph to share the four codes. According to the processing
order of the data flow, the data flow diagram is divided into
two parts: 1) precalculation part and 2) execution part. The
specific implementation is shown in Figs. 3 and 4.

In Figs. 3 and 4, for the precalculation stage, the input
data is processed first, because all four types of encodings
involve block interleaving. In the precalculation stage, it is
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Fig. 3. Precalculation stage.
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Fig. 4. Execution phase.

necessary to determine the number of rows and columns of
the interleaved input data block, and load the required col-
umn permutation table/sub-block permutation table or address
mapping formula according to different encodings. After the
preparation is complete, it enters the execution stage, waits for
the clock pulse, the bit stream is processed in sequence. When
the rising edge of the clock arrives, the input data is written
into the corresponding memory according to the address, and
is read out according to the generated address. The data is
processed sequentially according to the clock until the data
processing is completed.

In this section, we propose the hardware-friendly rate
matching and parallel interleaving method for four encoding
schemes, which can improve the performance of rate matching
and interleaving with low-hardware overhead. In addition,
we research the similarities between the four rate matching
processes to find the same operating units that they shared.

IV. HARDWARE SHARING CIRCUIT DESIGN SCHEME

For rate matching and interleaving of the above four
encodings, we present a scheme of memory sharing. Memory

sharing is to use a certain number of SRAM block memories
to achieve parallel block interleaving for turbo code, parallel
block interleaving for convolutional code, bit parallel interleav-
ing for polar code and LDPC code, respectively. In addition,
we propose the parallel conflict-free addressing method for
four encodings and their corresponding address computation
circuits. Moreover, we design the shared circuits for four
codes address computation unit. We also design the hardware
architecture and specific implementation circuits for the rate
matching and parallel interleaving of the four encodings.

A. Memory Sharing Design

According to the maximum data stream, the data storage is
divided into eight submemory systems. Each memory size is
99 × 32 bits and can be up to 32-bits parallel.

For turbo codes, the encoded bit stream is cyclically shifted,
bits are written to each submemory module in rows, and
each row stores 32 bits of data. Intercolumn permutation
is performed according to the column permutation rule and
address generation formula. According to the (12), (13),
and (14), the address is generated by the address computing
unit to complete the address mapping.

For convolution codes, the data is put into the submemory
block, and the column permutation table is preloaded, then the
intercolumn permutation is performed according to Table II,
and the address operation is performed according to (15), (16),
and (17).

For polar codes, the encoded bit sequence is divided into
32 parts, in the storage design, each part is placed into the
submemory module by column, and 32 sub-blocks correspond
to 32 columns of the submemory module. According to
Algorithm 3, the data reading process is equivalent to reading
one bit at the same position of each part, in the implementation
process, the data hence can be output by line.

For LDPC codes, block interleaving is to write the output
bits of the bit selection to the eight submemory modules.
Because of the parallel storage, it can be written in eight
modules at the same time, and read in parallel.

In summary, we divide the memory into multiple identical
submemories, which can write and read multiple memory
modules at the same time. Previously, one bit was processed
in one clock, but now it can be increased to 32 bits, which can
increase the throughput of the system, and reduce the encoding
latency.

B. Parallel Conflict-Free Addressing and Address
Computation Unit Multiplexing

In order to support parallel interleaving of four codes, we
propose the parallel conflict-free addressing methods for par-
allel interleaving and the corresponding address computation
unit.

For turbo codes, the bit stream enters the block interleaver,
the index is i, block interleaver output three-way bit stream,
and enter the bit collection area, output bit index is j. The
relation between input index i and output index j is shown
in (12), (13), and (14). These formulas are used for parallel
conflict-free addressing of data blocks.
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Fig. 5. Turbo code interleaved address calculation circuit. In figure, i
represents the row index, ND represents the number of null bits, R represents
the number of rows of the interleaver, m is �(i + ND)/32�, LUT represents
LUT module, Mux represents multiplexer module, and j represents the column
index.

Sub-Block 0:

j = P[(i + ND)&31] × RTC +
⌊

i + ND

32

⌋
. (12)

Sub-Block 1:

j = 2 ×
(

P[(i + ND)&31] × RTC +
⌊

i + ND

32

⌋)
+ RTC × 32.

(13)

Sub-Block 2:

j = 2 ×
(

P[(i + ND)&31] × RTC +
⌊

i + ND

32

⌋)

+RTC × 32 + 1. (14)

In (12), (13), and (14), ND denotes the number of filled null
bits, & denotes the bit and operation, RTC is the number of
rows per sub-block, and � � denotes the round down operation.
P[ ] is the permutation sequence of the turbo code sub-block
interleaving. The value of P[ ] is determined according to
the intercolumn permutation pattern table of turbo codes in
Table I. For turbo encoding outputs of any code length, when
the output bit stream length is not an integer multiple of 32,
ND null bits need to be added at the beginning of the bit
segment to fill an entire line of the bit stream. In the pre
calculation stage, the value of ND and the number of rows
RTC in the block interleaver are determined. Based on the two
parameters of row number RTC and the column number 32 in
the block interleaver, the size of the block interleaver can be
determined. After the block interleaving output, the ND value
is set from 0 and calculated according to (12), (13), and (14),
the index position of the padded null bits in the total bit stream
after interleaving can be obtained, thereby eliminating the null
bits.

According to (12), (13), and (14), the address generating
circuit is shown in Fig. 5. First, based on the parameters i and
ND, the current number of columns is obtained through bit-
AND operation and lookup table (LUT). Under the control of
the port, the input port of the data selector is selected, and the
output address index of 12, 13, and 14 is completed in turn.
In Fig. 5, m value is �(i + ND)/32�.

For convolution codes, the bit index of each sub-block is i,
by precalculation, calculating i mod 32 = X, finding P(n) =
X by looking up Table II, and obtaining n value. Parallel
conflict-free interleaved address mapping for convolutional
code sub-block is shown in (15), (16), and (17).

Fig. 6. Convolutional code address calculation circuit. In figure, n represents
the column index in the sub-block.

LUT

×

+

mod

J(n)

N/32

n

i

Fig. 7. Polar code sub-block interleaving address circuits. In figure, mod
represents calculating remainder module and J(n) represents the polar code
sub-block interleaving address.

Sub-Block 0:

j = n × R +
⌊

i + ND

32

⌋
. (15)

Sub-Block 1:

j = n × R +
⌊

i + ND

32

⌋
+ R × 32. (16)

Sub-Block 2:

j = n × R +
⌊

i + ND

32

⌋
+ R × 32 × 2. (17)

In (15), (16), and (17), j is the index of a single bit in the
total bitstream when entering the cyclic circular buffer, ND is
the number of bits filled in the sub-block, R is the number of
lines in each sub-block.

According to (15), (16), and (17), the address calculation
circuit is shown in Fig. 6. First, bit-AND operation is per-
formed on the two parameters i and 32, and the value of n is
obtained through a LUT. Under the action of the control port,
the input port of the data selector is selected, and the address
calculation process of 15, 16, and 17 can be completed in turn.

In Fig. 6, m value is �(i + ND)/32�.
For polar codes, according to Algorithms 3 and 5, the

address calculation circuit that supports parallel conflict-free
addressing is shown in Fig. 7.

For LDPC codes, rate matching includes bit selection and
bit parallel interleaving. Bit selection is implemented by mod
operation. Fig. 8 shows the parallel conflict-free addressing
process involved in bit parallel interleaving for LDPC codes
with different modulation orders. Bit parallel interleaving
involves data inputting in row order and data outputting in
column order, the specific hardware implementation circuit is
relatively similar to that of LDPC codes.

For the address calculation of the above four codes, this
article proposes an address calculation block diagram of rate
matching and interleaved sharing, as shown in Fig. 9.
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Input K

INC

Row counter

MULTIPLY

E/Qm ×mod(j, Qm)

MOD

mod(j, Qm)

ADD

32/Qm × i

ADD

floor(j/Qm)

   i_addr

Pre-computation

Fig. 8. Parallel conflict-free addressing scheme for LDPC code. In figure, K
represents the length of pre-encoding bit stream, Qm represents the modulation
order, E represents the length of bit selection output sequence, INC represents
increment-by-1 operation, ADD represents addition operation, and i_addr
represents the LDPC code sub-block interleaving address.

Fig. 9. Shared circuits for interleaved address calculation unit of turbo code,
convolutional code, polar code, and LDPC code.

In Fig. 9, for the LUT module, it can be utilized to
determine parameters for turbo codes, convolutional codes,
and polar codes by initializing different contents. For LDPC
codes, the mod unit can be entered through MUX unit,
and the result is calculated through the mod operation. The
hardware struct of LUT module is shown in Fig. 10, where
Turbo_Reg is a register for storing turbo block interleaved
column permutation mode, Convolutional_Reg is a register for
storing convolutional block interleaved column permutation
mode, and Polar_Reg is a register for storing polar code sub-
block column permutation mode. The position index and MUX
unit is used to select parameters based on interleaved column
permutation modes with different codes.

C. Hardware Sharing Architecture Design

For the rate matching and parallel interleaving of the
four encodings, we propose a shared hardware architecture
design for the four codes, as shown in Fig. 11. The register
group module is used to implement the shift register, and
column permutation is realized by cyclically shifting the
bits of each row. Load permutation table (LUT) is used

Turbo_Reg

Convolutional_Reg

Polar_Reg

position index

mode

Fig. 10. Hardware structure of LUT module. In figure, Turbo_Reg is
a register for storing turbo block interleaved column permutation mode,
Convolutional_Reg is a register for storing convolutional block interleaved
column permutation mode, and Polar_Reg is a register for storing polar code
sub-block column permutation mode.
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Fig. 11. Top-level hardware architecture of rate matching and interleaving
for four encoding schemes. In figure, M0–M7 represent eight identical storage
units.

to select parameters from permutation modes of different
encodings. The control unit contains some control signals
for data selectors. The address generation unit generates the
write address of the data according to the corresponding
encoding scheme, this unit includes computation-intensive
components involved in interleaving, namely, a turbo code
block interleaving calculation formula, a convolutional code
block calculation interleaving formula, a polar code sub-block
interleaving address mapping formula, and an LDPC code bit
selection address calculation formula. The address/data router
is used to selected which storage unit are the address and data
stored in. The storage module is mainly consisted of eight
identical storage units, each with a size of 99 × 32b, which
can be used to store the largest data stream.

D. Specific Circuit Design

Based on the proposed hardware architecture for rate
matching and parallel interleaving of four encoding schemes,
we design specific implementation circuits. The designed
circuit is mainly divided into address generation module, data
processing module and data storage module. The address
generation module can generate read addresses and write
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Fig. 12. Circuit block diagram. In figure, addr generate represents address
generation module and SRAM represents the static random access memory,
which is used as storage module.

addresses according to different control signals, the register
is used to cyclically shift input bits, the multiplexer (MUX)
is used to select input data, and the mod unit is used to
perform mod operation. During data writing, the addresses
generated by the address generation module are sent to the
data processing module and the storage module, respectively.
The data processing module is used to realize row and column
replacement, and the storage module stores the processed bits
according to the addresses. During data reading, the address
generation unit generates different read addresses based on
the control signal, and reads the corresponding data from the
storage module in turn. The specific circuit block diagram is
shown in Fig. 12.

Through the analysis of the existing references, we find that
there is no complete hardware sharing design scheme for the
rate matching and interleaving of turbo code, convolutional
code, polar code and LDPC code involved in 4G LTE and 5G
NR/6G communication link. In this section, we hence propose
the scheme of memory sharing, the parallel conflict-free
addressing method for four encoding schemes and their cor-
responding address computation circuits. Moreover, in order
to further reduce hardware overhead and power consumption,
we design the shared circuits for address computation unit
of four codes, the hardware sharing architecture and specific
implementation circuits for the rate matching and parallel
interleaving of four codes.

V. EXPERIMENT

The hardware design proposed in this article is first sim-
ulated on MATLAB, then the corresponding RTL code is
written based on Quartus prime, and the hardware circuit is
described and debugged with Verilog, waveform simulation
and function verification are completed by Modelsim. Under
the SMIC process of 28 nm and the frequency of 50 MHz,
the area cost and corresponding power consumption of the
hardware are obtained through Synopsys synthesis.

A. Experimental Verification

First, the proposed method is verified by MATLAB. For
turbo coding, assuming that the input of each sub-block is
32 bits, there is no need to fill null bits, the intercolumn
permutation is completed in turn, and the bit collection is
completed according to the corresponding rules. There are 96

Fig. 13. Turbo code block interleaving output bit stream without padding null
bit. In figure, the horizontal axis represents the position of the bit collection
area and the vertical axis represents the original position index of the bit.

Fig. 14. Convolutional code block interleaving output bit stream without
padding null bit.

bits in the bit collection area, the position index is defined for
each bit according to the position when each bit initially enters
the sub-block interleaver. Through MATLAB simulation, the
bit position index of the bit collection area is obtained. In
Fig. 13, the horizontal axis represents the position of the bit
collection area, and the vertical axis represents the original
position index of the bit at that position. From Fig. 13, it can
be seen that at the position 0 to 31, the first sub-block outputs
in column permutation order. Starting from the position 32,
the output bits of the second sub-block are arranged in a
cross order with those of the third sub-block. According to
Table I, (12), (13), and (14), as can be seen from Fig. 13, the
results are consistent with the standard.

For convolutional coding, it is also assumed that the input
of each sub-block is 32 bits, and each output bit index
is represented by a discrete sequence diagram, as shown
in Fig. 14. It can be seen that each sub-block is output
sequentially in the bit collection area. According to Table II,
(15), (16), and (17), as can be seen from Fig. 14, the results
are consistent with the standard.

Figs. 13 and 14 show that when the length of the encoded
output bitstream is a multiple of 32 integers, it is not necessary
to fill in null bits. However, in most cases, when the encoded
output bits enter the block interleaver, the corresponding null
bits need to be filled. We arbitrarily assume that for turbo
codes and convolutional codes, each sub-block has 46 input
data bits. First, 18 null bits need to be filled in the first part
of the first row, then replaced between columns, and output
by column. Assuming that the filled bits are all 0, in the
bit collection area, the discrete sequence diagram is used to
represent the bit stream of turbo code and convolutional code
that enter the cyclic buffer after block interleaving. The total
length of the three-way bit streams is 192. Among them,
Fig. 15 represents the interleaved output sequence of turbo
code bit stream blocks and Fig. 16 represents the interleaved
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Fig. 15. Turbo code padding bit block interleaving diagram.

Fig. 16. Convolutional code padding bit block interleaving diagram.

Fig. 17. Performance evaluation of LDPC coding. In figure, N is the code
length, R is the code rate, and BER is bit error ratio.

output sequence of convolutional code bit stream blocks, and
the sequence in the figure is filled bits on the horizontal axis,
except for the first bit.

Fig. 17 shows the BER curve of LDPC coding. Since we
are using a 5 bits fixed-point quantization, the error floor is
approximately 10-6. Different K values are selected to measure
the BER, and all LDPC codes of code length converge to 0
within Eb/N0 of 4 dB.

Through Synopsys synthesis, the layout is generated, as
shown in Fig. 18, and the layout related parameters are shown
in Table V. The technology directly affects SRAM size, there
are an inverse proportional relationship between them. Voltage
and frequency indirectly affect SRAM size, where voltage
has a positive proportional relationship with SRAM size,
and frequency has an inverse proportional relationship with
SRAM size. The technology, voltage, frequency, and SRAM
size all directly influence power consumption, there is an
inverse proportional relationship between the technology and
power consumption, while voltage, frequency, and SRAM
size all have positive proportional relationships with power
consumption.

For the algorithm and hardware circuit proposed in this
article, the hardware simulation is verified by Modelsim.

Fig. 18. Chip layout based on 28-nm technology.

TABLE V
LAYOUT PARAMETERS

Parameters Value
Technology

Voltage

Frequency 

0.9V

SRAM size 0.1µm2

Power consumption

The results show that the address calculation formula can
realize the correct output of the bit stream after interleaving.
According to the waveform diagram, when the parallelism
degree is increased in the interleaver, the output waveform
can be observed, and the corresponding bit sequence can be
correctly output at the rising edge of the clock.

B. Experimental Comparison

The design proposed in this article maximizes hardware
sharing of rate matching and interleaving of the four codes
under 4G LTE and 5G NR/6G. We compare our design with
the state-of-the-art rate matching and interleaving designs [27],
[28], [29], [30], [31]. We implement our design and the
state-of-the-art designs in a 28-nm CMOS technology. In the
experiments, the clock frequency is 50 MHz, the voltage is
0.9 V, the code length is 4608, the code rate is 1/3 and the
number of punching bits is 864. In the same communication
standards, clock frequency, voltage, code length, code rate and
number of punching bits, the experimental comparison results
are shown in Table VI. The state-of-the-art rate matching
and interleaving designs [27], [28], [29], [30], [31] and our
design have the same final error performance, the final error
rate is about 10−5. Compared with the rate matching and
interleaving designed in article [27], the experimental results
show that our design reduces memory area and power con-
sumption by about 47% and 44%, respectively, and improves
the throughput of turbo code, LDPC code, convolutional
code and polar code by about 37%, 35%, 38%, and 40%,
respectively. Compared with the rate matching and interleaving
designed in article [28], our design reduces memory area
and power consumption by about 23% and 27%, respectively,
and improves the throughput of turbo code, LDPC code,
convolutional code and polar code by about 41%, 39%, 42%,
and 41%, respectively. Compared with the rate matching
and interleaving designed in article [29], our design reduces
memory area and power consumption by 38% and 31%,
respectively, and improves the throughput of turbo code,
LDPC code, convolutional code and polar code by about
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TABLE VI
COMPARISON OF RATE MATCHING AND INTERLEAVING DESIGN PROPOSED IN THIS ARTICLE AND THE STATE-OF-THE-ART RATE

MATCHING AND INTERLEAVING DESIGNS

32%, 30%, 28%, and 33%, respectively. Compared with the
rate matching and interleaving designed in article [30], our
design reduces memory area and power consumption by 50%
and 46%, respectively, and improves the throughput of turbo
code, LDPC code, convolutional code and polar code by about
18%, 21%, 19%, and 23%, respectively. Compared with the
rate matching and interleaving designed in article [31], our
design reduces memory area and power consumption by 41%
and 33%, respectively, and improves the throughput of turbo
code, LDPC code, convolutional code and polar code by
about 25%, 27%, 23%, and 29%, respectively. Experimental
results show that the total area and power consumption of our
design are relatively small, the system throughput is relatively
large, and our design can be switched between multiple
interleaving, to a certain extent, it improves the flexibility of
the system. The experimental results indicate that our design
shares the address computing unit, and can switch back and
forth between the four codes, which improves the flexibility
of the communication system. In addition, our design realizes
the sharing of memory in four codes, which can effectively
reduce the silicon area and power consumption.

In addition, based on our proposed parallel interleaving
method and the corresponding parallel conflict-free addressing
method, other use case of our designed hardware is that it
can be applied to IIoT wireless terminals to further reduce
the encoding latency. We compare the encoding latency in
IIoT wireless terminal based on different rate matching and
interleaving hardware. We also implement our designed hard-
ware and the state-of-the-art rate matching and interleaving
hardware [32], [33], [34] in a 28-nm CMOS technology. In
the experiments, the clock frequency is 50 MHz, the voltage
is 0.9 V, the code length is 4608, the code rate is 1/3 and the
number of punching bits is 864. In the same clock frequency,
voltage, code length, code rate, number of punching bits,
encoding algorithm of turbo code, LDPC code, convolutional
code and polar code, the experimental comparison results
are shown in Fig. 19. Compared with the state-of-the-art
rate matching and interleaving hardware designed in [32],
the experimental results show that our designed hardware
reduces the encoding latency of turbo code, LDPC code,

Fig. 19. Comparison of the encoding latency in IIoT wireless terminal based
on different rate matching and interleaving hardware.

convolutional code and polar code by about 28%, 30%, 26%,
and 31%, respectively. Compared with the state-of-the-art rate
matching and interleaving hardware designed in [33], the
experimental results show that our designed hardware reduces
the encoding latency of turbo code, LDPC code, convolutional
code and polar code by about 23%, 25%, 22%, and 23%,
respectively. Compared with the state-of-the-art rate matching
and interleaving hardware designed in [34], the experimental
results show that our designed hardware reduces the encoding
latency of turbo code, LDPC code, convolutional code and
polar code by about 20%, 23%, 21%, and 20%, respectively.
Experimental results show that our designed rate matching
and interleaving hardware can effectively reduce the encoding
latency.

The data and control channels in 5G NR employ differ-
ent channel interleavers to reduce the BER. However, the
independent implementation results in a substantial increase
in silicon cost. Technology merging is pivotal for optimizing
resource utilization and reducing latency caused by frequent
switching between multiple hardware [6]. To address this
challenge, a shared-resource channel interleaver was designed
to merge two interleaving techniques [6]. Upadhyaya et al. [10]
designed a MIMO WLAN interleaver to accommodate more
modulation schemes. These works merged various technolo-
gies to reduce hardware overhead, power consumption and
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latency that caused by frequent switching between multiple
hardware [6], [10]. Our designed hardware also has the same
goals. For example, a customer specific use case of our
designed hardware is that our design can facilitate reliable
interconnection and communication of multiple industrial
equipment with low latency and low overhead. Industrial
equipment sometimes requires low-latency communication
and low-latency data transmission in IoT scenarios, our
hardware can achieve rate matching and interleaving for
convolutional codes, which can quickly and flexibly adjust
the code rate to ensure the data transmission rate according
to channel conditions and data size. Industrial equipment
sometimes requires highly reliable data transmission in IoT
scenarios, our hardware can achieve rate matching and inter-
leaving for turbo codes, which can improve the ability to
resist against noise, thereby enhancing the reliability of data
transmission. Industrial equipment sometimes requires high-
data transmission quality and high-data transmission rate
in IoT scenarios, our hardware can achieve rate matching
and interleaving for polar codes, which can achieve high-
data transmission rate while maintaining high-error correction
capabilities, thereby achieving both high-data transmission
quality and high-data transmission rate. Industrial equipment
sometimes needs to transmit large amounts of data and has
requirements for enhanced mobile broadband (eMBB) in IoT
scenarios, our hardware can achieve rate matching and inter-
leaving for LDPC codes, which can improve data transmission
efficiency, thereby improving data throughput. Our design uses
the same set of hardware to achieve multistandards rate match-
ing and interleaving, which can provide services that combine
ultralow latency, lower power consumption, high-data trans-
mission rate, and highly reliable massive data transmission,
it promotes seamless and highly reliable interconnection and
communication of multiple industrial equipment to enhance
industrial automation system. If industrial equipment uses
different rate matching and interleaving hardware, which will
cause waste of hardware resources, increase power con-
sumption, and increase latency due to frequent switching
between different rate matching and interleaving hardware. It
cannot meet the requirements of quickly establishing persistent
interconnection of multiple industrial equipment with limited
power.

VI. CONCLUSION

For the IIoT wireless terminal, this article presents the
hardware fusion and multiplexing design of rate matching
and interleaving for the information processing of four kinds
of encoding in the communication downlink, this hardware
implementation saves silicon area and reduces power con-
sumption. Moreover, we use the same set of hardware to
achieve multistandards rate matching and interleaving, and
flexible switching under multistandards. To a certain extent,
our design improves the flexibility and reconfiguration of
the IIoT wireless terminal. At the same time, a parallel
algorithm of interleaving is proposed to improve the degree
of interleaving parallelism, so as to reduce the delay and
improve the throughput of the system. In the future, with the

update of mobile communication standards, we will integrate
rate matching and interleaving algorithms based on the future
communication standards into our designed hardware to better
serve the future IIoT.
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