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Abstract: As the demands of multimedia and data services increase, efficient communication systems
are being investigated to meet the high data rate requirements. Joint source-channel coding (JSCC)
schemes were proposed for improving overall system performance. However, existing JSCC systems
may suffer a symbol error rate (SER) performance loss when residual source redundancy is not fully
exploited. This paper presents a novel, low-complexity JSCC system, which consists of a fixed-length
source block code and an irregular convolutional channel code. A simple approach is proposed to
design source codes that minimize the SER of source detection and guarantee the convergence of
iterative source-channel decoding (ISCD). To improve the waterfall performance of ISCD, the channel
code is optimized by using the extrinsic information transfer (EXIT) chart and the concept of irregular
code. The channel code is constituted by recursive non-systematic convolutional (RNSC) subcodes.
The weights of subcodes are optimized to make the EXIT curves of the channel decoder and the source
decoder well-matched, and therefore, a near-capacity performance is achieved. Simulation results
show that the proposed system achieves more than 1 dB gains and 0.3 dB gains compared to the
separate source-channel code system and the other optimal JSCC systems, respectively. Additionally,
the performance of the proposed system is within 1 dB deviation from the Shannon limit capacity.

Keywords: joint source-channel code; fixed-length code; irregular code; extrinsic information transfer
chart; iterative decoding

1. Introduction

With the escalation in the number of cellular mobile phones and the popularity of
wireless networks, high data rate transmission is required. However, the wireless channel
is restricted by transmission power and limited available bandwidth, so challenges still
exist in designing reliable and efficient communication systems. In classical communication
systems, the source encoder and the channel encoder are designed separately. The source
encoder removes redundancy from the source to improve the transmission rate and the
channel encoder re-inserts controlled redundancy to resist the channel noise. According to
Shannon’s source and channel separation theorem, the system can achieve a near-capacity
performance if the source and channel coding are both optimal [1]. However, due to
the severe delay and computational complexity restrictions in practical applications, the
theorem does not hold, and the separate source and channel code (SSCC) system usually
inflicts a loss of optimality. This motivates the studies of joint source-channel code (JSCC)
systems to narrow the gap to the global optimum.

JSCC systems can exploit the residual redundancy in source-coded parameters to
realize a better transmission performance. In [2], the authors proposed a soft-bit source
decoder (SBSD), which uses the a priori knowledge of source statistics to calculate the
reliability of source-coded bits. Then, the SBSD was applied in an iterative source-channel
decoding (ISCD) structure, improving the error-correction capability of the channel de-
coder [3]. Moreover, the source encoder and the bit-interleaved coded modulation were
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serially concatenated [4] to further improve the bandwidth and power efficiency of the sys-
tem by exchanging extrinsic information between the source decoder, the channel decoder,
and the demodulator.

These previous studies on ISCD systems usually used near-entropy codes for source
compression. Because very limited redundancy is left in the source-coded bits after the
compression encoding, the iteration gain of ISCD is limited [5]. It has been found that
the application of source codes with introduced redundancy as an alternative to classical
entropy codes can achieve significant performance improvement. Several redundant source
codes were proposed, including the variable-length codes (VLCs) [6-9] and the fixed-
length codes (FLCs). VLCs were designed to increase the free distance to improve the
error-correction performance. [6]. Recently, several efficient algorithms were proposed to
construct near-optimal VLCs that have the minimum average codeword length with low
search complexity [7-9]. The VLCs are sensitive to error propagation and suffer from a
high decoding complexity, while the FLCs have the advantages of inherent synchronization
and low-complexity because the symbol positions in the coded bitstream are fixed. Thus,
the FLCs have been investigated by many studies.

The non-redundant index assignment for quantized source symbols proposed in [10]
is the first joint source-channel code scheme based on FLCs. However, this JSCC scheme
has a limited error correction capability, since the index has nonredundant bits. To solve
this problem, the authors in [11] utilized a linear block code (LBC) to realize a redundancy
index assignment for source symbols. The introduced redundancy of source code was
exploited by SBSD at the receiving side, and the convergence performance of ISCD was
improved. Additionally, the generator metrics of LBCs were further optimized to maximize
the minimum Hamming distance of codewords [12]. This optimization of source codes
reduced the error floor of ISCD. Similarly, the authors in [13] proposed simple algorithms to
generate a class of short block codes that have diverse minimum Hamming distance (dyin)
values. In multimedia communication, these block codes are used to deliberately impose
additional redundancy in the source coded video bit-stream [14]. In [15], the effects of
Hamming distance were investigated for an FLC-based JSCC system. An improvement in
the SER performance was observed with the increase in the minimum Hamming distance.
The authors in [16] compared the performance of three different types of JSCC schemes
using FLCs and convolutional codes, namely, nonconvergent serial-concatenated coding,
self-concatenated coding, and convergent serial concatenated coding. In [17], the author
proposed a three-stage, serially concatenated JSCC scheme, which was constituted by the
source block code, the unity-rate convolutional code and the space-time code. The bit
error rate (BER) floor is averted due to the employment of a recursive unity-rate code. In
addition, due to the outstanding error-correction performance of low-density parity-check
(LDPC) codes and the polar codes, JSCC schemes where double low-density parity-check
(D-LDPC) codes [18] and double polar codes [19] are used as source code and channel code
for binary independent and identically distributed sources are proposed. Source statistics,
which greatly affect the performance of the JSCC system, were subsequently raised in [20]
and discussed in-depth in [21]. In the noisy communication with nonuniform sources,
the source codeword assignment can greatly affect how well the JSCC decoder exploits
the residual source redundancy, and the symbol error rate performance gap between the
optimized codeword assignments and bad codeword assignments could be significant [22].

Moreover, the extrinsic information transfer (EXIT) chart can effectively analyze the
convergence performance of JSCC. With the aid of an EXIT chart, near-capacity performance
can be obtained by optimizing all components of the system. One optimization method
is irregular codes, such as irregular convolutional codes (IrCCs) [23-25], irregular VLCs
(IrVLCs) [26,27], irregular redundant index assignments [11], and irregular unity-rate codes
(IrURC:s) [28]. These irregular codes were employed in the J[SCC system, making the EXIT
curves of the source decoder and channel decoder accurately matched.

In this paper, we propose a novel joint source-channel code system based on fixed-
length source code and irregular channel code in order to both improve symbol error rate
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performance and reduce calculation complexity. The main novelties and contributions are
summarized as follows.

First, we derive the close-form expression of the source symbol error rate (SER) perfor-
mance of a joint source-channel code system based on soft-bit source decoder.

Second, we propose a source coding scheme based on the fixed-length source code. By
optimizing the fixed-length codeword assignment with the aid of a binary switch algorithm
(BSA), the proposed scheme achieves nearly the same decoding complexity as the linear
block code in [13], while the symbol error rate and convergence performance are much
better than the traditional schemes.

Third, based on EXIT chart analysis, we innovatively design the joint source-channel
code system by introducing a low-complexity, irregular recursive nonsystematic convolu-
tional code (RNSC). The subcodes were chosen from unity-rate RNSCs with small constraint
lengths, such that the overall decoding complexity of the channel decoder was reduced.

Last, via simulation results, we show that the proposed joint source-channel code
system realizes a near-capacity iterative decoding performance with a relatively low calcu-
lation complexity as compared to benchmark schemes.

The rest of this paper is organized as follows: Section 2 introduces the model of
our JSCC system. Section 3 discusses the design guidelines of source block codes and
provides the algorithms for generating the fixed-length codewords. Section 4 presents the
optimization of the irregular channel code based on EXIT chart analysis. Then, Section 5
discusses the simulations results. Finally, Section 6 concludes the study.

2. Joint Source-Channel Code System

The system model of our joint source-channel code (JSCC) scheme is illustrated in
Figure 1.

source symbol
probabilities Pg

soft-bit source decoder/
source symbol decision

fixed-length b d . | irrgular channel v X
source encoder > 1 - encoder »| modulator
¥ n
D
Ls (b) Ly, (d) I La(v y
2 m! |2 mglg:(i:;;me] < ) demodulator [«
A
Lip(b) - L2o(d)

Figure 1. The system model of proposed JSCC scheme.

We consider the case where nonuniform source-symbol distribution is inherent in the
source signal. The memoryless source generates a frame of symbols, u = (uq,uy,...,ug),
from a discrete alphabet, S = {Sl, S2,---SNs } The source symbols are encoded by a
source encoder, which is a block code with a fixed-length. The source encoder encodes
each symbol, uy, to a binary codeword, by, and concatenates them to a bit sequence, b. The
block code maintains the nonuniform probabilities of source symbols and introduces some
artificial redundancy. These nonuniform probabilities are transmitted as side information
and are reliably protected against transmission errors by using a low-rate error-correct code.
Thus, the probabilities are perfectly available at the receiver and can be later exploited
by the soft source decoder as additional a priori knowledge, leading to an enhanced
error protection.



Information 2022, 13, 281

40f18

After source-encoding, the bit sequence is permuted by a random bit-interleaver, and
then the interleaved bit sequence, d, is encoded by a channel encoder. According to [29],
the necessary condition for a serially concatenated system to be capacity-achieving is that
the inner component should be a recursive convolutional code with rate Rc > 1. We
employ an irregular, recursive nonsystematic convolutional (RNSC) code with unity-rate
as the channel encoder. The structure of the irregular encoder is depicted in Figure 2. The
input sequence, d, is partitioned into different subsequences, dq,d>, ..., d}, according to
the weight vector, &« = (aq,ap,...,a ]). Every subsequence is individually encoded by
one of the RNSC sub-encoders. Then, all the outputs of the sub-encoders are multiplexed
into a whole bit sequence, v'. The rate of channel coding can be increased by randomly
puncturing some bits of v'.

d
Ly RNSC; Vi,
d Ve
1 = 25 RNSC, 2l %
< L =
= =
®
[
d v
7> RNSC; 2N

Figure 2. Irregular channel encoder.

Finally, the encoded sequence, v, is segmented into m-bit labels, vi.. The mapper maps
each label, vy, to a symbol from the M-ary constellation set, x = {x1,Xx2,--.,Xxm}, accord-
ing to the Gray mapping. After modulation, the modulated symbols, x;, k = 1,...,N,
are transmitted over a noisy memoryless channel. At the receiver, the received symbols,
Yk = xx+mng, k = 1,...,N, are obtained, where 7 indicates independent and identically
distributed complex Gaussian noise, with mean zero and variance c> = Np.

The receiver processes the received symbols, y, to produce an estimate of the source

symbols, ll.\l, through iterative decoding between the channel decoder and the soft-bit source
decoder (SBSD). In this study, the soft channel decoder and the SBSD are implemented
in the logarithmic domain, and the reliability information exchanged between them is
represented by the log-likelihood ratios (LLRs).

The received symbols, y, are demodulated to posterior LLRs, Ly;(v), prior to being
evaluated in the iterative decoding process. The irregular channel decoder demultiplexes
the posterior LLRs into J, different subsequences according to the partitioning performed
inside the irregular encoder. Each of these subsequences is individually decoded by
applying the BCJR algorithm [30] to the trellis of the RNSC code, and the resulting extrinsic
LLRs are multiplexed to a single LLRs sequence, L, (d).

After channel decoding, the extrinsic LLRs, L., (d), are deinterleaved to obtain a
priori LLRs LE, (b) of the source coded bits, b, which are then input to the SBSD. The SBSD
is realized by calculating the a posteriori probabilities of each bit of the codewords. In the
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calculation, both the a priori LLRs of coded bits and the occurrence probabilities of the
source symbols are exploited. The extrinsic output LS}, (b) is calculated as

P(bx; = 1|LEH (b))
LgD(bk,l) =In |:P(b;:;=0{L‘Zg(b)):| — LgD(bk,l)

L .
Y piexp El Cil)LllD(bk/n)
n=

ciecl =1, 1)
! n#l
=In A
Y piexp ¥ ¢ LED(bk,n)
cech n=1,
! n#l

where, by, is the n-th bit of codeword by, ¢\’ is the n-th bit of the codeword c(?), and
p; is the a priori knowledge of codeword ¢(¥), which is determined by the occurrence
probability of the corresponding source symbol S;. C? is the subset of codebook, and it
contains the codewords whose I-th bit is 4,4 € {0,1}. The resulting extrinsic LLRs LS, (b)
are interleaved and fed back to the channel decoder.

This process is repeated until no more gains in the extrinsic information are achieved
or an appropriate stopping criterion is satisfied. After the iterative process is finished,
the ultimate LLRs L{},(b) are used to perform a maximum posterior probability (MAP)
estimation of source symbols, as follows:

Uy = S+, i = argmaxP(ux = Sily) (2)
where the maximum posterior probability is calculated as

argmaxP(ux = Sily) = argmaxP(ux = S;|Lsp(by))

N ) 3
= argmaxp; exp Z C}(’ll) gp(bk,n) ©

n=1

3. Source Block Code Design
Denote the codebook of the source alphabet, S = {Sl, Sz, SN }, asC = {c(l), c(z),

.cNs)Y where ¢l = (cgi), ) ..,c(Li)) is the codeword assigned to symbol S;. All the
codewords have the same length L, and the symbols in the alphabet have occurrence
probabilities of p;,i = 1,2,..., Ns.

3.1. Iterative Convergence and Error-Correction Criterion

For the JSCC system in Figure 1, iterative decoding is employed to make the source
and channel decoder assist each other to gain maximum benefit in the form of extrinsic
information, LG, (d) and L, (b). The near-entropy source codes with limited redundancy
are not fit for the system since the iterative gain is limited. Hence, to improve the achievable
ISCD performance gain, we artificially introduce redundancy in the source-coded bitstream
using redundant fixed-length codes. In fact, iterative decoding is capable of attaining an
infinitesimally low decoded bit error rate (BER) if the EXIT curves of the inner and outer
decoder components intersect at the (1, 1) point [29]. The relevant design criterion of the
fixed-length block codes is that the codewords should have a minimum Hamming distance
of dg min = 2. According to the SBSD in Equation (1), for the codewords having a minimum
Hamming distance of dymin > 2, when the a priori information, L{,(b), is perfect, the
considered bit, by ,,, is uniquely determined, and the perfect extrinsic information L}, (b)
can be obtained. Thus, the EXIT curve of SBSD can reach the (1, 1) point.

Apart from the convergence behavior of iterative decoding, it also needs to consider the
end-to-end source distortion for the source code’s design. The analog source is quantized
and discretized before it is input in our source encoder. Thus, in this paper, we focus on
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a discrete source. Our goal is to perfectly reconstruct the discrete source symbols, i.e.,
minimize the symbol error rate (SER) [31],

Dél

al

K
Y. E{Mik # w}} 4)
K=1

where E{.} is the expectation of variables and I{.} is the indicator function, i.e., I{a} equals
1if a is true, and 0 otherwise. For the memoryless source, the SER can be determined as

D= P(ily # u)

NS NS _ (5)
=Y. pi ), P = Sy = S)
i=1 =LA

where p; is the occurrence probability of the source symbol S; and Pr(i; = S; ‘ ur = S;)
is the pairwise error probability (PEP) of erroneously detecting S; instead of S;. According
to the estimate of the source symbol in (3). the symbol decision is determined by the
input LLRs L%, (by ;) of each coded bit. Because the LLRs are permuted by a long random
bit-interleaver during decoding, their statistic can be simplified and assumed to be the same
and independent [32]. Hence, L¢, (b) can be characterized by the crossover probability, pc,
of coded bits. Then, the sum of PEPs can be formulated as:

Ng ) )
Pr(it Slug = S) = 3. Pr(c]e)
j=1j#i
= ZC p(clc) ©)
cel;
- Z (1- pc)L*dH(C(i)rC)PCdH(c(i),C)
CECi

where dy (), ¢) is the Hamming distance between the codewords c() and c. By substituting
Equation (6) into Equation (5), the SER can be computed as follows:

Ns . )
— (1) i
D = E \, Pi E : (1 _PC)L (e 'C)PcdH(C()'C) 7)
i=1 CEC,'

It is difficult to calculate the value of crossover probability, p., theoretically. However,
since this paper focuses on the estimate of source symbols after a good convergent iterative
decoding, the error analysis is under the assumption of perfect LLRs. It is reasonable to set
a small value for the crossover probability p..

In addition, to avoid the symbol decision error, the mapping from codewords back
to the source symbols should be unique and unambiguous. This means different source
symbols must be mapped to different codewords, i.e., ¢; # ¢;, if i # j. Hence, the design

of source codewords, C = {c(l),c(z),. . .C(NS)}, can be formulated as the following
optimization problem:

Minimize D

Subject to AH min = 2, (8)

C; 75 C]‘,ifi #]

The cost function, D, can be further simplified by eliminating the irrelevant terms:

Ns 1_
D= ) p) (pe/ (1= pe)) (e ©9)

i=1 ceC
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This paper proposes a simple solution to this optimization problem by using the binary
switch algorithm (BSA) [33]. The BSA is the best-known method for searching bit mapping,
and it attempts to minimize the cost function by switching every pair of bit-labels. Here,
a set of binary codewords with fixed-length, L, is generated. Then, N5 codewords are
chosen from the set and assigned to the source symbols to minimize the cost function in
Equation (9) while guaranteeing the codewords have the minimum Hamming distance,
A min > 2, by using BSA. The algorithm for generating the source codebook is formulated
as follows (Algorithm 1):

Algorithm 1 Binary Switch Algorithm (BSA)

Step 1 : Determine the code length L and crossover probability p..
Step 2 : Generate codewords set C = {c(l), c<2),. .. c(Ns) }, where the codeword

) = (cgl), eeey, C(LI)) is the natural binary representations with index i.
Step 3 : Extend the number of source symbols from N to 2L by adding elements
{SNs+1, SNs+2, - - - So } with probabilities py = 0,Ns < k < 2L.Then, assign each symbol S; to
the codeword c(?) with the same index. Calculate the cost function D according to (9).
Step 4: Rearrange the codewords to provide a minimum cost function by using the BSA:
Forp <2 p++
Forg = L, g<2L,q#p q++
Try switching c(P) and ¢@);
Calculate the new cos t function D according to (9)
If D > D then
switching c¢Pandc®; D = D
end if
end for
end for
Step 5 : The first Ng rearranged codewords form the set C. Check the minimum Hamming
distance of each codeword in C. If all the codewords have a minimum Hamming distance
AH min > 2, then output the set C as the source code. If some codewords have a minimum
Hamming distance dimin = 1, remove them from the set C. Then, search the codeword of Cin
order, and add the codeword that has a minimum Hamming distance, dg min > 2, into C.

The source code can be obtained from the steps described above. It should be noted
that the length of the codeword should be chosen to satisfy L > log, Ng + 1. For the block
code with a fixed-length of L, there are, at most, 2L ~! possible codewords that satisfy the
minimum distance, dg min = 2. Therefore, to ensure the codewords are unambiguous, the
number of possible codewords must satisfy 2L=1 > Ng,ie., L > log, Ng + 1.

3.2. Design Example

As an example, a Gaussian distribution source [26] is used. The discrete source symbols
obey the occurrence probabilities that resulted from the 16-ary Lloyd-Max quantization of
independent Gaussian-distributed source. The source entropy is H(S) = 3.76 bits/symbol.
Set the crossover probability p. = 10~%. For the codeword length L = 5,6,7,8, the
source codes are generated by applying Algorithm 1. The resulting codewords are detailed
in Table 1, along with their corresponding minimum Hamming distances dp min. For the
proposed block codes, inverse EXIT curves of the SBSD are illustrated in Figure 3, and the
EXIT curve of natural bit mapping [10] is also illustrated in the same figure.
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Table 1. Parameters of optimized source codewords with different code lengths.
Length  Code Rate Codewords in Decimal Hamx;xgm];il:tance
L=5 0.75 24,3,6,3,18,29,15,10,9, 30, 5, 20, 27,12, 0, 17 2
L=6 0.63 6, 23,51, 10, 30, 17, 43, 56, 39, 12, 3, 36, 29, 0, 45, 54 2
L=7 0.54 41,21,2,79, 86,12,125, 65, 100, 115, 88, 62, 27, 106, 39, 48 3
L =28 0.47 120, 102, 85, 75, 51, 45, 30, 0, 135, 153, 170, 180, 204, 210, 225, 255 4

09r
0.8
0.7 r
06
o 051
0.4 r
037 — — — — natural bit mapping L=4
—+—— proposed source block code L=5 |
0.2 —H8— proposed source block code L=6
proposed source block code L=7
0.1 f proposed source block code L=8|
0 . | .
0 0.2 0.4 0.6 0.8 1
1
SD

Figure 3. The EXIT curves of different source codes.

The natural bit mapping approach maps the source symbols to the binary representa-
tion of indices. The codewords have a length of L = 4 and do not have any redundant
bits. Even though this source code remainsthe nonuniform distribution redundancy of the
source symbols, there is limited redundancy in the source codewords. As can be seen from
Figure 3, the SBSD only provides a low amount of extrinsic information, even if perfect a
priori information, i.e., Ig, = 1, is provided. The early intersections with the EXIT curve
of the decoders will lead to a poor convergence for iterative decoding. Thus, the source
codes with low redundancy cannot benefit from iterative decoding.

By increasing the codeword’s redundancy, i.e., decreasing the source code rate, the
SBSD can benefit more from a priori information provided by the channel decoder. This
can be seen for our proposed code with length L = 5,6,7,8. It is also shown that if
the codeword’s minimum Hamming distance satisfies dpin, > 2, the EXIT curve of the
SBSD reaches the (1, 1) point. In this case, it is possible to design an appropriate channel
encoder that ensures reliable extrinsic information can be obtained by iterative decoding.
In addition, the coding efficiency of FLCs may be reduced due to the high residential
redundancy. In our joint system design, to keep the overall rate of the system constant, the
code rate loss caused by source coding redundancy can be compensated by a channel code
with code rate R¢c > 1.

The convergence of the iterative decoder relies on the amount of redundancy at
both sides of the interleaver. If a source decoder has neither redundancy nor channel
measures, the iterative decoding is almost useless and does not perform much better than
separate decoding.
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4. Irregular Channel Code for Iterative Source Channel Decoding

The EXIT chart is an efficient tool for designing iterative decoding systems [34], and it
provides a fast approach for predicting the performance of the iterative decoder accurately.
In this section, the channel encoder is optimized based on the EXIT chart analysis. In
particular, the EXIT chart of the proposed system is first analyzed concerning the design
guidelines. Then, an appropriate irregular channel code is designed to make the iterative
decoding have a good convergence.

4.1. EXIT Chart Analysis for Iterative Source Channel Decoding

Generally, the EXIT chart of a serially concatenated system has two EXIT curves, i.e.,
the EXIT curve of the inner decoder and the inverse EXIT curve of the outer decoder. The
EXIT curve exploits the mutual information (MI) between the data bits at the transmitter
and the LLRs at the receiver to describe the input-output relation of each constituent
decoder [32].

For our JSCC system, illustrated in Figure 1, the irregular channel decoder and the
SBSD serve as the inner decoder and the outer decoder, respectively. The EXIT curves of
the channel decoder, Iy, and the inverse EXIT curve of the SBSD, I'p, can be expressed as:

Itp = Tep(Igp|Lm(v)) (10)

and
Isp = Tsp(Isp|Ps) (11)

where I{., is the mutual information between bits d and LLRs L., (d), I, is the mutual
information between bits d and LLRs L{.,(d), I¢, is the mutual information between bits
b and LLRs L[, (b), and I}, is the mutual information between bits b and LLRs L, (b).
Meanwhile, the EXIT curve of the channel decoder depends on the posterior LLRs of
demodulator, Ly(v), and the EXIT curve of the SBSD is also affected by the source statistic,
Ps. These EXIT curves can be obtained through the Monte Carlo simulation.

The design of the encoders is based on the property of the EXIT chart, i.e., the system
can achieve an infinitesimally low BER by iterative decoding only if there is an open tunnel
between the EXIT curves [29]. Thus, the encoders should be designed in such a way that
their EXIT curves satisfy Tcp(I) > I'sp(I) for I € [0,1) at a low SNR to make the system
achieve a near-capacity performance. An effective way to design very well-matching
encoders is to apply the concept of irregular codes [23].

The irregular source block codes are not fit for our scheme. In the irregular block
codes, high-rate codes have to be used together with low-rate codes. High-rate block
codes naturally have a lower minimum Hamming distance and, therefore, a lower symbol
error-correction capability. In order to ensure the error-correction capability, we still adopt
regular source block code in our scheme. Furthermore, the well-matching EXIT curves are
attained by designing an irregular inner channel code for the given source code.

4.2. Irregular Channel Code Design

Irregular convolutional codes as inner codes have been successfully employed in
the context of iterative source-channel decoding in [10]. Here, we use the recursive non-
systematic convolutional (RNSC) codes with rate 1 as the subcodes. Considering the
computational of the RNSC decoder, we limit the maximum constraint length to D < 3.
There are 2201 kinds of different RNSC codes. In addition, the RNSC subcodes should
have diverse shapes in the EXIT curves, so that the EXIT curve of the irregular channel code
is expected to match the EXIT curve of the source code more accurately. Thus, we select
five kinds of RNSC codes having the most dissimilar EXIT curves as shown in Figure 4.
Their octal generator polynomials are (3,2)g, (5,7)g, (6,7)s, (7,4)g, and (7,6)s.
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Denote the weight vector & = (ajap, .« ]) of the different RNSC subcodes. The
overall EXIT characteristic of the channel code is the weighted superposition of the EXIT
characteristic of different RNSC subcodes, i.e.:

J
Tep(I) = ), aTep (1) (12)
j=1
1
09 r
0.8 r
0.7
0.6
[a]
2005
04 r
—o—9(3.2)g
03y —+—a(67);
0.2 9(6.7)g
——9(74),
0.1 9(7.6)
0 . ‘ . ‘
0 0.2 0.4 0.6 0.8 1

2
CD

Figure 4. EXIT curves of different RNSC codes, AWGN channel, SNR = 8 dB, 16QAM Gray mapping.

J
Then, the EXIT curves of encoders should satisfy ). «;Tcp;(I) > 1";5 (IforI €0,1)
j=1

at a low SNR. Considering P sample points of the EXIT curves, the curve-fitting problem
can be formulated as the optimization problem:

aopt = argmin||Ccp - & — €spinv |5 (13)
x
subject to
e;>0¥i =1,...,P (14)
J
Z wj =1 (15)
j=1
0<a;<LVje{l...J} (16)

The matrix Ccp of dimension P x | contains P sample points of each RNSC decoder
EXIT curve. The vector cgp iny contains P sample points of the SDSD inverse EXIT curves.
The width of the decoding tunnel ise = Ccp - & — ¢sp iny. Constraint (14) ensures an open
decoding tunnel while constraints (15) and (16) guarantee the validity of the weights. As
all subcodes have the rate 1, no additional rate constraint needs to be considered.

The optimization problem can be solved by the steepest descent algorithm, referred to
in [23]. As an example, the optimum weights for the source codes with length L = 6 are
summarized in Table 2, and the EXIT curves of the irregular and regular RNSC decoder
and SBSD are illustrated in Figure 5. This shows that an open tunnel between the inverse
EXIT curve of SBSD and the EXIT curve of the irregular channel decoder is obtained at SNR
Es/Nyo = 7.8 dB. Meanwhile, for the regular channel code, an open tunnel is obtained
until the 8.2 dB. The waterfall performance of ISCD is improved by employing the irregular
channel code.
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Table 2. Parameters of channel code matched with L = 6 source code.
Source Code Channel Code ()S;E ;zr:;l
Regular RNSC code 7, 4) 8.2dB
L=2¢6
Irregular RNSC code Subcodes (3, 2), (7, 6) 7.8 dB

Optimum weights [0.36, 064]

09r >
0.8 7
0.7 | =
0.6 [ %
o /
o O /
- 05 /
o P
© N P
04r g 9
0.3
——— source block code L=6
02k ———— regular RNSC code E /N, =7.8dB
1 ———regular RNSC code ES/NO=8A2dB
0.1y ———irregular RNSC code E /N =7.8dB
0 . . . .
0 0.2 0.4 0.6 0.8 1
e a
ISD / ICD

Figure 5. Exit curve of optimized channel code for the source code with L = 6.

5. Results and Discussion
5.1. Systems Parameters

In this section, to verify the performance of the proposed JSCC system in both symbol
error rate and decoding complexity, we choose four benchmark schemes for comparison:
(1) the separate source-channel code (SSCC), (2) the VLC-IrRNSC, (3) the LBC-RSC, and
(4) LBC-IrRNSC. Simulation with the Gaussian distribution source [26] is performed. The
discrete source symbols obey the occurrence probabilities that resulted from the 16-ary
Lloyd-Max quantization of independent Gaussian distributed source. The source entropy
is H(S) = 3.76 bits/symbol. Table 3 lists the constituent encoders of different systems.
For all systems, 16QAM Gray mapping is used as the modulation scheme, and a random
interleaver is used. The number of source symbols per frame is set to 5000. An additive
white Gaussian noise (AWGN) channel is assumed for transmission. For a fair comparison
between different systems, all systems are designed to have the same overall code rate of
about R = 0.66, i.e., 2.64 bits/channel-use for 16QAM, and the Shannon limit capacity for
the efficiency of 2.64 bits/channel-use is about E, /Ny = 3.4 dB. To satisfy the requirement
for overall code rate, the channel code rate and source code rate are accordingly adjusted in
each system.
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Table 3. Parameters of different source channel coding schemes.

Scheme Source Code C(i(i):li{:te Channel Code C((:)}éi:enlr{l:tle Overall Rate
SSCC Huffman 0.99 Rate-3/5 Turbo code 2/3 0.66
VLC-IrRNSC Variable — length code d; = 3 0.64 Irregular RNSC code 33/32 0.66
LBC-RSC Linear block code L = 5 0.75 RSC code 8/9 0.66
LBC-IrRNSC Linear block code L = 6 0.63 Irregular RNSC code 22/21 0.66
Proposed L = 6 optimized block code L = 6 0.63 Irregular RNSC code 22/21 0.66

The system consisting of the Huffman code and Turbo code is taken as the benchmarks
of the separate source-channel code (SSCC) system. The Turbo code is used to protect
the Huffman coded bits from the channel error. The Turbo code consists of two recursive
systematic convolutional (RSC) codes with generator polynomial (7,5)g, and its output
bits are punctured to obtain the code rate 2/3. At the receiver, noniterative source-channel
decoding is used.

Iterative source-channel decoding is used in JSCC systems, i.e., the VLC-IrRNSC
scheme, the LBC-RSC scheme, the LBC-IrRNSC, and our scheme. The VLC-IrRNSC scheme
employs a VLC as the source code of and an irregular RNSC code as the channel code.
In this scheme, the VLC [6] is constructed for a given free distance of d =3 and the
attained codewords have an average length L = 5.92. The output bits of VLC encoder are
passed through an interleaver and forwarded to the irregular RNSC encoder with a rate
33/32. The irregular code is composed of RNSC subcodes (3,2)g and (6,7)g with optimum
weights of 0.86 and 0.14. In the linear block code (LBC)-based JSCC schemes [13], the
LBCs are generated based on the linear parity check code. The LBC-RSC scheme employs
an LBC with codeword length L = 5 as the source code and an 8/9 rate RSC code as
the channel code. The LBC adds a single parity bit to the 4-bit quantized source symbol,
and the optimized RSC code with generator polynomial (5,7)g also introduces additional
redundancy for error correction. The LBC-IrRNSC scheme employs an LBC with codeword
length L = 6 as the source code and an irregular RNSC code as the channel code. The
LBCs are generated based on the rate 2/3 linear parity check code in [15]. The subcodes of
the irregular encoder used are (3,2)g and (7, 6)g, and their optimum weights are 0.08 and
0.92. The output bits of the irregular code are randomly punctured such that the channel
code rate was increased as a result of 22/21. In the proposed scheme, the optimized block
code with length L = 6 is generated by Algorithm 1, and the parameters of the irregular
RNSC code are listed in Table 4

Table 4. Parameters of irregular RNSC code matched with different source code.

Source Code Irregular RNSC Channel Code Bit SNR for an
Open Tunnel
. B o Subcodes (3, 2), (6,7)
Variable — length code d; = 3 optimum weights [0.86, 0.14] 4.6 dB
. o Subcodes (3, 2), (7, 6)
Linear block code L = 6 optimum weights [0.08, 0.92] 4.6 dB
Proposed L = 6 Subcodes (3, 2), (7, 6) 42dB

optimum weights [0.36, 064]

5.2. Convergence and SER Performance

We use EXIT curves for analyzing the convergence performance of the schemes in
Table 3. In Figure 6a—c, the well-matched EXIT curves of the outer SBSD and the irregular
channel decoder are illustrated. The decoding trajectories are also acquired by recording the
mutual information at the input and output of decoders during the Monte Carlo simulation.
It can be seen that, at the bit SNR E; / Ny of 4.2 dB, an open EXIT tunnel is obtained and the
decoding trajectory can reach the (1,1) point in the proposed scheme. This indicates that
the convergence threshold of iterative decoding is 4.2 dB. Similarly, open EXIT tunnels are
obtained at 4.6 dB for both the LBC-IrRNSC scheme and the VLC-IrRNSC scheme. With
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the aid of an EXIT chart, the convergence threshold of each scheme is obtained, and we list
them in Table 5 for comparison. It can be concluded that the SSCC scheme has the worst
converge performance, and our scheme with L = 6 achieves the best converge performance
compared to the other J[SCC schemes.

1 T T T T
09 r zZ_
.
=
0.8 L
-
0.7 t _- =
06t ’/_/.‘:
a ~
20 £
-~ 05 -5
[a) -
LAZ] k2
0.4
VLCd=3
0.3r Iregular RNSC code at E, /N =4.2dB 1
0.2 decoding trajectory at Eb/NO=4.2dB
— — — — Irregular RNSC code at Eb/N0=4.6dB
orr decoding trajectory at Eb/N0=4.2dB
0 . . . .
0 0.2 0.4 0.6 0.8 1
e a
ISD / ICD
(a
1r T T T T
P2 A
0.9 /‘,v‘
08 _ %
P
-
07t -
: B
o 0.6 L
20 y
= 0.5 A
© f/
= 04t # : LBC with L=6
/ - Irregular RNSC channel code
03F 4 atE /N =4.6dB
S A decoding trajectory at Eb/N0=4.6dB
02 Vi Irregular RNSC channel code i
/.4 atE /N =4.2dB
0.1 b0 1
decoding trajectory at Eb/N0=4.2dB
1= . n
0 0.2 0.4 0.6 0.8 1
e a
|SD / ICD
1
0.9
0.8
07Ff AF
i
o 0.6 [ s
© O B
—~ 051 /¢"’
o8 5
0.4 T
By
03[ »~
0.2 proposed block code L=6
T ———— Irregular RNSC channel code
0.1} — — — — decoding trajectory at Eb/N0=4.2dB
0 . L . .
0 0.2 0.4 0.6 0.8 1
e a
|SD ! |CD

(©)

Figure 6. The EXIT chart of the different JSCC schemes using Irregular RNSC codes. (a) The EXIT
chart of the VLC-IrRNSC scheme. (b) The EXIT chart of the LBC-IrRNSC scheme with L = 6. (c) The
EXIT chart of the proposed scheme with L = 6.
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Table 5. Convergence performance of different source channel coding schemes.

Scheme Convergence Threshold
SSCC 52dB
LBC-RSC 4.8 dB
VLC-IrRNSC 4.6dB
LBC-IrRNSC 4.6dB
Proposed L = 6 42dB

The SER performance of all the schemes is illustrated in Figure 7. It can be seen that
the proposed scheme achieves the best performance compared to benchmark schemes. The
proposed scheme obtains the waterfall region at about E;, / Ny = 4.2 dB, which is within a
1 dB deviation from the Shannon limit. The simulation results are also verified in the EXIT
chart predictions.

10°

Shannon Limit

1072 ¢ /
|

SER

—A—SSCC
107 | —&— VLC-IrRNSC
—x— LBC-RSC

—&— LBC-IrRNSC

10—5 | |—+—Proposed
|

3.5 4 4.5 5 55
E /N (dB)

Figure 7. The SER performance of different systems over the AWGN channel.

Compared to the SSCC scheme, the proposed scheme obtains about a 1 dB gain at
the SER of 10~%. The parameters of source and channel encoders are jointly optimized
in our scheme. Therefore, the residual redundancy in the source-coded bits is efficiently
exploited by ISCD, resulting in SNR gains. In comparison with the VLC-IrRNSC scheme,
our scheme has a 0.5 dB gain. The performance improvement can be attributed to the
inherent synchronization of the fixed-length codes and the well-matched IrRNSC code. The
VLC codes suffer from error propagation in source symbol decisions when some errors
remain after iterative decoding, while our fixed-length block code avoids the problem.
Additionally, the fixed-length codes also have a low decoding complexity.

Compared with the LBC-RSC scheme and LBC-IrRNSC scheme, our scheme also
obtains a gain of 0.3 dB and 0.8 dB at the SER of 10~*. The improvement is obtained by
optimizing the error-correction properties of the fixed-length codewords and the irregular
channel code without decreasing the transmission efficiency.

For the quantitated source symbols, the reconstruction SNR (RSNR) is also illustrated
in Figure 8. It can be seen that, in the region of E, /Ny > 4 dB, our proposed scheme with
L = 6 also has the best RSNR performance compared to the other schemes. These results
can be attributed to its best SER performance.
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Figure 8. The RSNR performance of different systems over the AWGN channel.

5.3. Decoding Complexity Analysis

We tested the decoding time of each scheme in a PC with an Intel core i5 3.1 GHz CPU
and 4 GB RAM. Monte Carlo simulations were on the matlab2018. All the schemes are
single-core based. The simulation decoding time under different SNRs are listed in Table 6.

Table 6. Simulation decoding time of different source channel coding schemes.

Decoding Time (s)

Scheme
4dB 4.5dB 5dB
SSCC 248 26.8 223
VLC-IrRNSC 1614 2179 122.5
LBC-RSCL =5 11.6 19.5 125
LBC—-IrRNSCL = 6 124 16.1 10.5
Proposed L = 6 13.3 114 8.7

It can be seen that, for the JSCC schemes with a source block code, namely, the LBC-
RSC scheme, the LBC-IrRNSC scheme, and our scheme, the decoding time varies from 8.7 s
to 19.5 s. While the decoding time of VLC-IrRNSC scheme varies from 122.5 s to 217.9 s for
different SNRs, the SSCC scheme consumes about 20 s for each frame. This indicates the
propose scheme has a low decoding complexity.

The decoding complexity mainly depends on the computation complexity of the
iterative decoders and on the number of decoding iterations. In our scheme, the decoder of
source block code is realized by Equation (1), and its decoding complexity depends on the
size of the source alphabet and the codeword length. The channel decoder employs the
BCJR algorithm. In our simulations, the size of the source alphabet is 16 and the codeword
length satisfies L < 6. Compared to the channel convolutional decoders which employ the
BCJR algorithm on the long code trellis, the source block codes have a lower computational
decoding complexity.

The VLC decoder is modeled by the bit-level trellis, whose state space is the set of
the internal nodes of the VLC binary tree. The sizes of the trellises can be considered a
measure of the computational decoding complexity [35]. Because the maximum constraint
length of the channel code is limited to D < 3, the average state number of the channel
code satisfies | Tc| < 4. The VLC with free distance d; = 3 has |Ts| = 48 states, which is

at least 10 times | T |. Hence, the decoding complexity of VLC decoder is much higher than
the channel decoder and the source block code. Therefore, the VLC-IrRNSC scheme takes
the longest decoding time.
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6. Conclusions

This paper presents a novel, low-complexity joint source-channel code system con-
sisting of a fixed-length source block code and an irregular channel code. Block codes
with the minimum Hamming distance dp min > 2 are designed for guaranteeing the con-
vergence of ISCD and reducing the SER of the source symbol decision. In addition, a
well-matched irregular channel code is employed to further improve the waterfall perfor-
mance of ISCD. The irregular channel code is constituted by unity-rate RNSC codes with
small constraint length, and, therefore, it has a low decoding complexity. EXIT charts are
used for the analysis of the convergence behavior of ISCD. The proposed system realizes
a near-capacity performance by exploiting both the source statistic redundancy and the
artificially introduced redundancy in the source code. As the simulation results of the
Gaussian distribution sources show, the proposed system outperforms the SSCC system
by more than 1 dB gains. Compared to the J[SCC system based on LBC, the optimized
block code has better error-correction property. Furthermore, in comparison with the JSCC
system based on VLC, the proposed scheme achieves about 0.5 dB gains and also reduces
the decoding complexity. Our future work will be the further extension of the J[SCC system
over other nonstandard coding channels and the investigation of the employment of the
JSCC system in multimedia applications.
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