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Abstract: To reduce the waste of energy in communications, unequal error protection (UEP) is used to
provide asymmetric protection for messages with different levels of importance. This paper proposes
new efficient strategies of UEP based on bilayer protograph-based low-density parity check (PLDPC)
codes in decoding-and-forward (DF) relay systems. In particular, we jointly utilize source coding
and channel coding to design UEP strategies and then save transmission energy. According to the
different levels of importance of discrete cosine transform (DCT) coefficients of image and variance
statistical characteristics of image sub-blocks, bilayer-lengthened PLDPC codes are exploited to
protect the transmitted image information with different importance levels at the half-duplex relay
system. In the end, the simulation result shows that the proposed UEP schemes achieve excellent
performance gains compared to conventional equal error protection (EEP) scheme. Additionally, the
complexity analysis of the UEP strategies is given.

Keywords: bilayer PLDPC; unequal error protection; joint source-channel coding; image segment

1. Introduction

In recent years, many research activities both on the coding and decoding of co-
operative communication schemes have attracted a lot of attention [1-3]. Relay co-operative
communication has won increasingly broad applications for its high ability of anti-fading
in wireless multi-path channels, improving the reliability of information transmission [4,5].
Since the wireless co-operation communications utilize additional relay nodes, the cost
of energy increases accordingly. Thus, improving the energy efficiency is one of the
important issues in this co-operation system. Reference [6] considered the joint utility-based
uplink power and rate allocation to raise the efficiency of energy in communication, and
reference [7,8] studied the performance of resource allocation in non-orthogonal multiple
access- (NOMA) based networks to solve the efficiency maximization problem of the
downlink NOMA-based, massive multiple-input-multiple-output (MIMO) system.

As information is becoming more diversified and complicated, distinguishing infor-
mation of different importance levels and providing asymmetric protection is essential
to cater to the requirements of high performance and low transmission power nowadays.
Reference [9] proposed a concept of unequal error protection (UEP) for channel coding that
reduces energy consumption by providing different levels of protection for information
with different levels of importance. Reference [10] presented rate allocation optimization
algorithms based on rate-compatible codes for embedded image bit streams transmitted
over noisy channels under UEP. Reference [11] proposed a UEP scheme by tracing the map-
ping between the important information data and the elite bits of an irregular LDPC code.
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Reference [12] proposed a good tradeoff UEP-scheme between reliability and spectrum effi-
ciency by using sixteen quadrature amplitude modulation (QAM) mapping. Reference [13]
realized UEP by classifying the bit-channel type based on the delayed bit-interleaved coded
modulation (DBICM). Reference [14] took advantage of the adaptive segmentation and
weight-increase parity check (WIPC) LDPC code to achieve UEP for image sources. A UEP
scheme based on the Luby transform (LT) codes was proposed in [15] for image transmis-
sion over multiple-input-multiple-output (MIMO) channels. Reference [16] presented a
novel autoencoder-based approach for designing codes that provide UEP capabilities, and
reference [17] proposed a type-aware coding approach to achieve UEPs for multiple classes
of messages.

In this paper, we design two UEP strategies based on bilayer protograph-based
LDPC (PLDPC) codes in a half-duplex relay system. PLDPC code is a subclass of LDPC
codes [18,19], which benefit from simple structures and desirable performance in wireless
applications [20-25]. Bilayer PLDPC code was put forward in decoding-and-forward (DF)
relay systems. It is an especially useful class of structured LDPC codes and more general
multi-layer codes and allows decoding of the same codeword with two (or more) different
decoders [26-28]. We find that most existing UEP strategies focused on the implementation
of channel coding without considering the characteristics of the source, and the optimiza-
tion methods of these UEP-based codes are relatively complex. Thus, to address this issue,
we exploit lengthened bilayer-lengthened PLDPC codes in UEP to transmit the information
of different source characteristics. Bilayer PLDPC code can perform remarkably in this
case due to its advantages, such as low encoding complexity, modular structure for easy
design, and rate compatibility. Moreover, bilayer PLDPC code under the UEP scheme in
relay systems can match a set of channel conditions without extensive re-optimization.
Based on this, we propose two new UEP strategies with excellent performance. The main
contributions of this work are summarized as follows:

(1) This paper proposes the concept that the integer and decimal parts of DCT coeffi-
cients have different levels of importance instead of considering high-frequency and
low-frequency components of DCT coefficients with different levels of importance
traditionally. Based on this, a joint source-channel coding UEP scheme (UEP-1) is
designed based on bilayer-lengthened PLDPC code in half-duplex relay systems.

(2) This paper further proposes an elaborate UEP scheme (UEP-2) with excellent perfor-
mance. We can realize UEP for image sub-blocks information with different levels of
importance by variable rates and only need to store one bilayer protograph base matrix
without extensive re-optimization. It reduces the required cache space for practical
applications greatly. In the UEP-2 scheme, image sub-blocks are assigned to the corre-
sponding class according to the classification map generated by K-means clustering.

At last, the simulation results show that the proposed UEP-1 scheme has 0.8 dB and
0.3 dB gains, and the proposed UEP-2 scheme has 1.6d B and 1.1d B gains compared to EEP
and the traditional UEP scheme in low and high SNR regions, respectively. Compared to the
traditional UEP scheme, both UEP-1 and UEP-2 schemes can achieve better performance.
Moreover, we compare the FSIM between the recovered image and the original image under
different SNRs, which shows that the performance of proposed UEP scheme is superior to
that of EEP scheme. The complexity analysis of UEP strategies is given by discussing the
usage of modules and computing the average number of decoding iterations.

2. Preliminaries and Notations

The table of notations in this section is shown in Table 1.
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Table 1. Notations in Section 2.

Section 2.1

B Protograph base matrix

H Protograph LDPC matrix

v Variable node

c Check node

V4 Lifting factor from protograph base matrix to protograph LDPC matrix
Ny The number of variable nodes in the protograph base matrix

N The number of variable nodes in the protograph LDPC matrix

M, The number of check nodes in the protograph base matrix

M The number of check nodes in the protograph LDPC matrix

K The number of information bits in the protograph LDPC code

Section 2.2

By Bilayer-lengthened protograph base matrix with a lower rate

B. Extension base matrix

Bgy Bilayer-lengthened protograph base matrix with high rate extended by B,
Section 2.3

Xq The broadcasted signal from the source during time slot one

Xy The broadcasted signal from the source during time slot two

Yy Received signal in the destination during time slot one

Y, Received signal in the destination during time slot two

V1 Received signal in the relay during time slot one

Ly The transmitted signal from the relay to the destination during time slot two
Zsy Additive Gaussian noise received by the relay

Zn Additive Gaussian noise received by destination during time slot one
Zip Additive Gaussian noise received by destination during time slot two
P, The power constraint of the source during time slot one

P, The power constraint of the source during time slot two

Pr, The power constraint of the relay during time slot two

SNR;; Signal-to-noise ratio between node i and node j

2.1. Protograph LDPC Code

Protograph LDPC codes define a subclass of multi-edge type LDPC (MET-LDPC)
codes, which allow extending a base matrix or graph prototype (base graph) to a com-
plete matrix or graph [28]. A well-designed protograph LDPC code can achieve better
performance and is suitable for an efficient encoding/decoding implementation [29,30].
A protograph B = (V,C, £) can be represented by a tanner graph with a relatively small
number of nodes, which consists of three sets, VV, C and &, corresponding to N, variable
nodes (VNs), M, check nodes (CNs), and the connecting edges, respectively. Each edge
ejj € & connects a VN v; € VtoaCN¢; € C. A graphical example of generating the
derived graph is shown in Figure 1. An (N, K) protograph code (an equivalent LDPC code)
is derived by using a process known as lifting, where N and N — K equals the number of
VNs and CNS in the derived tanner graph corresponding to the base protograph graph,
respectively. The lifting process utilizes the copy-and-permutation operation. The number
of copy times is decided by the lifting factor Z =N/N, = M/ M), where M = N — K.

2.2. Bilayer-Lengthened PLDPC Code

Graph Structure: Geometrically, the variable nodes are divided into two layers: layer-1
and layer-2, and the check nodes are all in one set in a bilayer-lengthened protograph [27].
Figure 2 shows that the edges of the base graph are connected in the first layer of variable
nodes with the set of check nodes forming a base graph with a lower rate. The entire edges
and nodes constitute a base graph with a high rate. The rate of bilayer-lengthened PLDPC
code can be increased by adding the number of variable nodes in layer-2.

The entire protograph base matrix has the form

By = [Bsd ‘ Be] (1)
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where By, is the protograph base matrix with a lower rate corresponding to layer-1, and B,

is the extension base matrix corresponding to layer-2 in the tanner graph.

12 v, v,

G =)

l Copy three times

Vi v, il v, V3 Vi v V3
G &) G G G &)
l Generate the derived graph

v, v, v, v, v, v, v,

Q_©

¢ c, ¢ 3 G €

Figure 1. A graphical example of generating the derived graph.

layer —1

layer -2

Figure 2. A tanner graph of bilayer-lengthened photograph. Black circles and circles with plus repre-
sent VNs and CNs, respectively, and the blank circle denotes the VNs which have been punctured.

2.3. Half-Duplex Relay System

According to the classic work of Cover and EI Gamal [31], DF protocol describes
that the relay completely decodes the transmitted message from the source and partially
forwards the decoded message to the destination. In the destination, the receiver recovers
the message by processing the signals transmitted by the source and relay. Half-duplex
relay system is widely studied system in practice. This paper exploits the novel UEP
scheme for the half-duplex relay system, where the relay can communicate with only one
node in a time slot. According to [31] and Figure 3, the received signal in a half-duplex

relay channel can be given by
Vi =hyXi+ Zsr

@
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Y1 =mX1+Zy 3)
Yo =Xy +h3ly+ Zygp 4)

where Xj, Y7, and V; denote the transmitted signal from a source (S), the received signal in
the destination (D), and the relay (R) during time slot one (a fraction ¢; of the transmission
interval), respectively. X, Ly, and Y, denote the transmitted signals from source, relay,
and the received signals in the destination during time slot two (a fraction t, = 1 — #1),
respectively. hy, hp, and h3 are S-to-D, S-to-R, and R-to-D channel coefficients, respectively.
Zsr ~ N(0,05), Zs1 ~ N(0,043), and Zz ~ N(0O,0s + 0,4) denote additive Gaussian
noises at the relay and at destination for time slot one and time slot two, respectively. In
time slots one and two, the communication channel can be seen as a broadcast channel and
a multi-access channel, respectively. The source has power constraint Ps, = E(X?) in time
slot one and power constraint Ps, in time slot two. Pg, represents relay power constraint
in time slot two. Thus, signal-to-noise ratios (SNR) SNRsgr, SNRsp, and SNRgp can be
defined at the relay and destination at time slot one and at the destination at time slot
two, respectively.

R R
" L,
i ‘o & —®
S D S D
Time slotl Time slot2

Figure 3. Half-duplex relay channel.

3. New UEP Strategy
3.1. UEP System Model

For practical purposes, we consider gray images as research objects for the UEP
strategy in this paper. A new UEP scheme (UEP-1) system model in a half-duplex relay
system is shown in Figure 4. After block discrete cosine transform (DCT) [32,33] processing
of the input image, we found that each DCT coefficient Q can be divided into two parts—
the integer part Q; and the decimal part Q;, where Q; is approximated by retaining the
binary number of k bits. The recovery performance of the image is dependent on the size of
k. The degradation coefficients Q' can be represented as

Q,:{Qimd,fozo )
Qi —Qa ifQ <0

whereif Q >0, Q; = |Q] and Q; = Q — Q;; else Q; = [Q] and Q; = Q; — Q. This step
not only conserves transmission quality significantly, but also facilitates the combination
of image transmission and UEP strategy. Q; and Q, have different attribution to Q'. In
binary, Q' has a deviation of 2/ when an error happens in the i-th bit of Q;. In contrast, only

1
(%) deviation in Q' when an error happens in the i-th bit of Q;. Thus, the proposed UEP

strategy provides two transmission paths for Q; and Q. For Q; with less attribution to Q’,
a traditional point-to-point channel (S-D link) coding and decoding mode is adopted. For
Q; with much attribution to Q’, the relay transmits additional mutual information to help
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the destination decode the source message. In the destination, estimated information Qi
and Qy are decoded, and the estimated DCT coefficient Q can be estimated by

5 Qi+Qu4 ifQ; >0 ©)
Qi—Qq ifQ; <0
Relay
Compute
syndrome
L [
Channel
D
ecoder Encoder
,,,,,,,,,,,,,, S
B ., . e T — L S
i Source 3 3 v
Input image | L L X Inverse | Output image
| ) Normalization Integer p?r.t of > Channel i > Decoderl IDCT ) normalization ! >
i of gray value DCT coefficient Encoderl Transform i
| of gray value |
A
v o
0 ) X,
DCT | Decimalpart of »l Channel T Decoder2 Reorganize DCT
Transform "1 DCT coefficient d Encoder2 e Coefficient i
Destination |

Figure 4. An UEP system model based on half-duplex relay system.

At last, the image can be restored by two steps, such as inverse discrete cosine trans-
form (IDCT) and inverse normalization.

Encoding/Decoding of UEP System

The encoding of the UEP strategy only needs to store the bilayer protograph base
matrix B, extending by a lower-rate bilayer protograph base matrix By, Bsy = [Bsg|Be |-
The signal i1 of integer parts and the signal i, of decimal parts are encoded by Hs; (lift from
Bs;) to generate the codewords x1 and x; by encoderl and encoder2, respectively. Encoder2
sends the codeword x, = GST,iz to the destination, and encoderl1 broadcasts the codeword
x1 = GlLij to relay and destination. G,, is the generating matrix of parity check matrix Hs;.
The relay encodes the syndrome i; and transmits codeword x3 to the destination by

X3 = Gg;iis (7)

where i; = ?&H;;, and zz is the estimated information corresponding to variable nodes in
layer-2, which is extracted from the estimated information 17. Estimated information i; have
been decoded from x; at the relay. H_; is lifted from the base matrix Bgg.

Figure 5a,b show the iterative decoding factor graphs in decoderl and decoder2.
In Figure 5a, the variable nodes in layer-2 are checked by the parity check matrix H,.
The additional Log-Likelihood Ratio (LLR) of variable nodes in layer-2 provide help for
decoding the variable nodes in layer-1. We can see that the message from the j-th check
node to the i-th variable node is

L(rjl-) = 2tanh ! i,eg)/itanh(L(qilj) /2) (8)

where g;/; is the message from #'-th variable node to j-th check node, and i’ belongs to set
R(j)/i. The elements in R(j) /i can be divided into two parts corresponding to layer-1 and
layer-2. Compared to decoder2 in Figure 5b, decoder1 has a much more reliable message
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from the variables nodes that are connected to the syndrome in layer-2. It suggests a more
reliable LLR L(g;) for the i-th variable node, computed by

L(g;) = L(P)+ ). L(rji) 9

jEC(i)

layer-1

Figure 5. (a) Factor graph for decoderl. (b) Factor graph for decoder2.

3.2. Image Segmentation UEP Strategy

The image segmentation UEP strategy is illustrated in Figure 6. In this diagram, the
classification map is generated by K-means clustering. In the source, the classification map
is used to order sub-blocks of an input image and choose bilayer matrix with different
rates for sub-blocks in different classes. Integer parts of DCT coefficients are encoded
by bilayer PLDPC code with a fixed rate. Decimal parts of DCT coefficients are encoded
by bilayer PLDPC code with a certain rate that is chosen from the classification map.
Transmission message xs = [x1, X2| is broadcasted to the relay and the destination in time
slot 1, respectively. The relay sends the message x3 = GLji; to destination after decoding
the message x; and computing syndrome i;. DCT coefficients can be recovered after
decoding % in destination. A recovery image is obtained by reordering the sub-blocks
with a classification map known at the receiver. We describe the main two steps of the UEP
scheme (UEP-2) in this section, such as the image segmentation and the encoding procedure.

Input image ordering Q X 1
) Image > DCT > Encode for Relay > Compute
Transform Integer part Decoder Syndrome
Subblocks
A X
Classification S i
Map \ A
Multiple gray . )C3
images K-means Choose Bilayer matrix Encode for Desitination < Relay
—> . P Decimal part Decoder Encoder
clustering X
2
Classification A
y Map xS
Output image reordering Q .
| 4 IDCT | 4 Reorganize o
4— Image < < - <
Transform Coefficient
Subblocks

Figure 6. The frame diagram of the image segmentation UEP scheme.
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3.2.1. Image Segmentation

To segment the original image of size (M, N) and distinguish sub-blocks of different
levels of importance from all sub-blocks, we can discover the intensity of the pixel of
sub-blocks change by defining the variance ¢ of the sub-blocks,

m n . 2
Y X (x;—%)
i=1j=1
7= mXxXn (10)
m n
Lo L i
¥ = m]; . (11)

where x; ; represents the value of the pixel of the sub-blocks, and m and n are the size of the
sub-blocks. An original image can be segmented into z = M/m = N/n sub-blocks, and
an array of variances o = [07,07, ..., 0| can be computed corresponding to z sub-blocks.
Then, the variance matrix of sub-blocks of k images can be represented by

0’1,1 e (Tl,z
(51 sz) = (12)

Ok1 -+ Okgz

where 0; ; denotes the variance of the j-th sub-block in the i-th image, and column vector s;
represents the variances of the j-th sub-block of all the images. The classes are developed by
K-means clustering [34] to classify sub-blocks from multiple images (except for the images
waiting for transmission).

3.2.2. Encoding of Image Segmentation UEP Strategy

Assuming that sub-blocks of the input image are divided into four groups by classifi-
cation map, for sorted sub-blocks of the input image, we match the integer parts signal i; of
DCT coefficients with a fixed lower-rate bilayer PLDPC code Hj,; and decimal parts signal
i of DCT coefficients with diverse rates bilayer-lengthened code H, ;, i € [1,2,3,4], by

x1 =Gl (13)

X = Gl il (14)

where iy = [iy1,122, 12,3, ip,4] are the decimal parts of DCT coefficients after ordering all of
the image sub-blocks, and i, ; corresponds to the i-th group that decimal parts of sub-blocks
belong to. The source broadcasts codeword xs = [x1, x2] to the relay and destination, where
X = [X21,X22,X23, X2.4]- Gsr,i denotes the generator matrix of the parity check matrix H sri7
lifting from Bs; ;. By ; is a sub-protograph base matrix with a higher rate extended by

Bsr,l = [Bsd‘Be] (15)
Bsr,Z - [Bsr,l|Be,l] (16)
Bsr,i = [Bsr,i—1|Be,i—1} (17)

As can be seen in Equations (15)—(17), diverse rates can be achieved for the decimal
parts of DCT coefficients of sub-blocks with different levels of importance by the matrix
expansion method, and only one base matrix B ; needs to be stored. By, ;_; and B,;_;
corresponding to layer-1 and layer-2 are combined to create a capacity-approaching code for
image transmission.

Relay decodes the codeword x; and extracts the second layer information 7} and 7,
from x; and x; and then computes syndrome is = [is|is2], is1 = f’leTd, and i, = féHsTd,
respectively. As shown in Figure 6, codeword x3 = Ggiis is decoded at the destination, and
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the syndrome i; is recovered during the second time slot. With the recovered syndrome,
we have bilayer PLDPC codes Hsy1 and Hs,,;, as shown in Figure 7. The check relationship
between layer-2 variables nodes and syndrome nodes helps the destination with forming

lower rate codes to decode the codeword x, from the source.

Figure 7. The tanner graph of bilayer PLDPC codes with the syndrome. (a) Bilayer PLDPC codes

Hs,1 with the syndrome; (b) Bilayer PLDPC codes Hg,,; with the syndrome.

4. Results
4.1. Simulation Result

This part demonstrates the simulation performance of the proposed UEP schemes. The
software and hardware platforms of simulation are C++, Matlab, Intel i7, and Nvidia 3060,
respectively. The preset parameters are shown in Table 2; we compared three strategies,
and the length of codes was 1296 in simulation. The first strategy (EEP) protected the
integer and decimal parts of DCT coefficients of the image by the classical AR3A code with
a 3/4 rate equally in the point-to-point channel (S-D link). The second strategy (UEP-1)
provided UEP for the integer and decimal parts of DCT coefficients of the image. The
integer and decimal parts were encoded by bilayer-PLDPC code Hg;, with a 3/4 rate. The
integer parts were transmitted in the relay channel while decimal parts were transmitted
in the point-to-point channel (S-D link). The third strategy (UEP-2) utilizesd the image
segmentation scheme and applied diverse rates (2/3,3/4, 4/5, 5/6) of bilayer PLDPC codes
for the decimal parts of DCT coefficients in four groups (classified by K-means clustering
40 images). The integer parts were encoded with a 2/3 rate bilayer PLDPC coded and were
transmitted together with decimal parts in the half-duplex relay channel. The protograph
base matrix Hj,, and the corresponding extended sub-protograph base matrices Hj /3,
Hj,4, Hy /5, and Hs /4 were opitimized by protograph extrinsic infromation transfer (PEXIT)

alogrithm [28] as

Hy/3 =

Hyss =

Hyjp =

H3 /4

O NP, OONRFO

O R N R PR,

[eR e

O RLP NDNONRFRR-

N = WiN

0 0 0
1 1 1
2 2 2
0 0 0
, H3jq =
, Hs/6 =

O = =
N —m OO

Hy/3

Hyss

O RLr NOORFRLNO

S RLr NOO R, DNO

NNORFREPRLPDNONDN

(18)

(19)
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where Hj /3, H3 /4, Hy/5, and Hs /g were lifted 216, 144, 108, and 87 times to achieve the
1296 code length corresponding to bilayer-PLDPC full matrices Hg, 1, Hs; 2, Hs; 3, and Hy, 4
respectively. The end-to-end relay channel error can be presented as a function of the three
SNRs (SNRy4, SNRsr, and SNR,;) of its constituent channels, represented by

SNRSR = SNRSD +a, SNRRD = SNRSD +b (20)
where a and b are variable parameters [28].

Table 2. Simulation parameter setting.

Parameters EEP UEP-1 UEP-2
Code length 1296 1296 1296
Code rate 3/4 3/4 2/3,3/4,4/5,5/6
a (dB) no relay 14 1.4
b (dB) no relay 1.6 1.6

Figure 8 shows the end-to-end performance comparison of different bilayer PLDPC
code and the conventional AR3A code in half-duplex relay system. It is observed that the
bilayer PLDPC codes had performance gains of 0.3 dB and 0.2 dB over the AR3A code at
rates of 2/3 and 3/4, respectively.

100 E T T T T
F ——+—— Bilayer PLDPC rate=2/3
y — X— -AR3Arate=2/3
10 3 Bilayer PLDPC rate=3/4 | 3
F — “— - AR3A rate=3/4
102 F
103 F 3
o
L
om
104 £
10°F 3
10° ¢
10.7 I | I I I
0.5 1 1.5 2 2.5 3

E,/N,/db

Figure 8. The end-to-end performance comparison of bilayer-lengthened PLDPC code and AR3A
code in in half-duplex relay system.

Figure 9 shows the performance of recovery image of the three strategies with
SNRsp = 13,19, 21dB,a = 14, and b = 1.6. We can see that the recovery image
qualities of the UEP-1 and UEP-2 strategies were significantly better than that of the EEP
strategy under different SNRs. The UEP-1 and UEP-2 strategies achieved 19 dB and
31 dB peak signal-to-noise ratio (PSNR) gain over the EEP scheme for image ‘Pepper’ at
SNRsp = 2.5 dB, respectively.
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PSNR=17.2516

PSNR=-2.1034 PSNR=5.9514

1.3dB

PSNR=2.1047

1.9dB

PSNR=7.6495

(a)original image (b)EEP (c)UEP-1

Figure 9. The comparison of recovery images in 3 strategies.

Figure 10 demonstrates the comparison of the PSNR of recovered images in four
schemes under different SNRs. The AR3A code with a threshold at 3.1 dB was utilized
for both integer and decimal parts of DCT coefficients in the EEP scheme. The UEP-0
scheme is the mainstream UEP method in joint source-channel coding system, which
provides UEP for the high and low frequency of DCT coefficients [14]. The UEP-1 and
UEP-2 schemes were designed in Sections 3.1 and 3.2, respectively. As can be seen in
Figure 10, the ‘Lena’ image can be recovered at 3.1 dB and 3 dB by EEP and UEP-0 schemes,
respectively. Compared to EEP and UEP-0 schemes, the UEP-1 scheme can achieve 0.3 dB
and 0.2 dB gains, and the gains are higher in the low SNR region, reaching 0.8 dB and
0.6 dB, respectively. The UEP-2 scheme provides a delicate UEP strategy for decimal parts
of DCT coefficients by image segmentation. As shown in Figure 10, UEP-2 had 0.8 dB and
0.7 dB gains in high SNR regions and 1.3 dB and 1.1 dB gains in the low SNR region, in
contrast to the EEP and UEP-0 schemes, respectively.

50 T T T T

—*— UEP2
45 | —o—UEP1
40 -
35
30
Z
& 25+
o
20 -
15 -
10 -
5 -
0 1 1 L 1
1 1.5 2 25 3 35

E,/N,/db

Figure 10. The PSNR comparison of ‘Lena’s recovery image in 4 protection strategies.
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Furthermore, Figure 11 shows the comparison of the feature similarity index measure
(FSIM) between the recovery image and original image in three schemes under different
SNRs. We can see the FSIM achieved 0.99 at 1.5 dB in the UEP-2 scheme, which is superior
to those of UEP-1 and EEP of 1 dB and 1.3 dB, respectively. Moreover, it is interesting to
note that the FSIM goes up to the top very quickly in the EEP scheme, compared to the
proposed UEP schemes. This is due to that the decimal part of the DCT coefficients focuses
on describing the details of the image, and this part of information can be recovered at high
the SNR region in the proposed UEP schemes.

1 —=
/" [—%—uEP2

/ &— UEP1 | |
¥ — +—EEP

0.98 -

0.96 - ///;,. ,
0.94 / /
=
& 092 F *
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E /N /db
Figure 11. The FSIM comparison of “Lena’s recovery image in 3 protection strategies.

4.2. Complexity Analysis

The complexity of proposed joint source-channel coding frameworks is discussed
in this section. As shown in Table 3, we tracked the usage of different modules in three
strategies. In UEP-2, the module of reordering image sub-block is needed as compared to
EEP and UEP-1. Since K-means clustering classifies the image sub-blocks into p groups,
additional p times reordering operations are required. Moreover, both UEP-1 and UEP-
2 strategies require the module to distinguish image source and additional ! rounding
operations and 2/ addition operations for telling the integer and decimal source apart,
where [ is the number of the transmitted DCT coefficients. Furthermore, we considered
the complexity of channel decoding in the three strategies. As shown in Table 3, both
UEP-1 and UEP-2 strategies required the relay decoding and the joint decoding modules at
the destination.

Table 3. The usage of modules in three transmission strategies.

Modules in Three Strategies

Strategy
Re;);i(;r;ng Distinguish Relay Des;(l)li:ttlon
Sub-Block Image Source Decoding Decoding
EEP no no no no
UEP-1 no yes yes yes
UEP-2 yes yes yes yes

Morever, we show the convergence of the BP decodings by calculating the average
number of decoding iterations, as given in Figure 12. It can be observed that UEP-1 had
about two more iterations in comparison to EEP, even if extra decoders were added in the
relay and the desitination. While UEP-2 had significantly higher iterations than EEP, the



Symmetry 2022, 14, 1662

13 of 15

main reason is that the relay and the destination need to use more decoding resources to
decode the encoding message of the decimal part.

30 T T T T T T T T

—*—EEP

25

15

The average number of iterations

0 1 1 1 1 1
2 21 22 23 24 25 26 2.7 2.8 29 3

SNR(dB)

Figure 12. The average number of decoding iterations comparison in three strategies.

5. Discussion and Conclusions

A novel joint source-channel coding scheme is introduced into the half-duplex relay
system to design a UEP strategy for image transmission in this paper. According to the
different levels of importance of image DCT coefficients and variance statistical character-
istics of image sub-blocks, two kinds of image non-symmetric protection strategies were
proposed and realized based on a family of bilayer-lengthened PLDPC codes. The first
UEP scheme is designed for different parts of DCT coefficients with different transmission
strategies. The second UEP scheme provides non-symmetric protection for image sub-
blocks with different levels of importance that are segmented from the original image. The
simulation results show that the proposed UEP schemes both have excellent performance
compared to the conventional EEP and UEP scheme in the half-duplex relay systems. In
the end, some prospects are put forward. Note that it is hard to achieve the optimal image
segmentation technique for UEP strategy. More excellent UEP strategy needs to be studied,
such as the joint design of the image feature extraction technique [35-38] and channel cod-
ing technique. It is expected that the unequal error protection for the integers and decimals
can be applied to various occasions, in addition to image transmission, when applying
source-channel coding methods. Additionally, note that the optimization design for source
structures and the bilayer PLDPC codes in UEP strategy deserves our further study.
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