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Abstract

In a traditional joint source-channel coding system based on double protograph-based LDPC
(DP-LDPC) codes, two P-LDPC codes are employed as the source code and the channel code,
respectively. They are connected by a source-check-channel-variable (SCCV) linking matrix,
which consists of an identity matrix and a zero matrix. This linking matrix connects check
nodes (CNs) in the source P-LDPC code and variable nodes (VNs) in the channel P-LDPC code.
A joint source-channel decoder that facilitates message exchange between the source decoder
and the channel decoder is used to decode the source. Based on this traditional structure, this
thesis proposes several novel joint source-channel coding systems, aiming at improving error
performance further.

Firstly, a novel class of DP-LDPC codes is proposed for the joint source-channel coding,
where the identity matrix in the SCCV linking matrix of traditional DP-LDPC codes is replaced
with a lower or upper triangular matrix with “1”’s on its diagonal. By doing this, the flexibility of
code design is increased and the linear source compression is preserved. Theoretical and simu-
lation results have shown the superior performance of the proposed DP-LDPC codes compared
to the traditional ones.

Secondly, we propose a novel joint source-channel coding scheme based on spatially cou-
pled DP-LDPC (SC-DP-LDPC) codes. It has been proved that a concatenated spatially coupled
protograph-based LDPC (SC-P-LDPC) code can have better error performance than a tradi-
tional DP-LDPC block code. Motivated by this point, SC-DP-LDPC codes are proposed, where
the source spatially coupled P-LDPC (SC-P-LDPC) code and the channel SC-P-LDPC code are

linked by spatially coupled SCCV (SC-SCCV) connections. By doing this, source SC-P-LDPC
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and channel SC-P-LDPC are not in a simple concatenated relationship. Like decoding the con-
catenated SC-P-LDPC code, we use a sliding window joint belief propagation (BP) decoding
algorithm to decode the SC-DP-LDPC code. Theoretical and simulation results show that the
proposed codes are superior to the concatenated SC-LDPC codes and state-of-the-art DP-LDPC
block codes.

Thirdly, we propose two new types of joint source-channel coding systems for both low-
entropy and high-entropy sources. Studies done by others have shown that for the traditional
DP-LDPC codes, the source threshold can be improved by adding connections between VNs
in source P-LDPC code and CNs in channel P-LDPC code, which is represented by a source-
variable-channel-check (SVCC) linking (base) matrix. According to this finding and our first
proposal, we propose a novel joint source-channel block code (JSC-BC) based on double P-
LDPC block codes. Two P-LDPC block codes are connected not only by a source-variable-
channel-check (SVCC) linking (base) matrix but also by a source-check-channel-variable (SCCV)
linking (base) matrix, which consists of a zero matrix and a lower or upper triangular (base) ma-
trix with “1”’s on its diagonal. Also, we modify the traditional joint protograph-based extrinsic
information transfer (JP-EXIT) algorithm to calculate the source threshold of a JSC-BC. The
JP-EXIT algorithm uses the whole joint protomatrix to calculate the source threshold of a code.
The new technique is called the untransmitted protograph-based EXIT (UP-EXIT) algorithm.
Compared to the JP-EXIT algorithm, the proposed UP-EXIT algorithm is more efficient be-
cause a smaller protograph consisting of only the untransmitted VNs (i.e., the source VNs and
the punctured channel VNs) and their connected check nodes need to be considered. We first
search for the candidate codes with the proposed code structure and high source thresholds by
using the UP-EXIT algorithm. Then we select those also with low channel thresholds among
the candidate codes by using the JP-EXIT algorithm. Moreover, we construct new JSC-BCs
whose decoding complexities are controlled by limiting their maximum row weights. Theoret-
ical and simulation results show that the codes newly constructed outperform state-of-the-art
DP-LDPC block codes. Next, we spatially couple the joint source-channel block code and ob-

tain a spatially coupled joint source-channel code (SC-JSCC) for further error performance im-
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provement. Theoretical analyses and simulation results show that even with a smaller window
size and lower decoding complexity, the SC-JSCC with the spatially coupled structure for each

sub-block (source protomatrix, channel protomatrix, SCCV linking matrix, and SVCC linking

matrix) can have better error performance than existing spatially-coupled DP-LDPC codes.
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Chapter 1

Introduction

1.1 Significance and background

The rapid development of wireless communication technology has made communication ser-
vices an indispensable part of people’s daily lives. While enjoying the convenience brought by
the communication service, people have higher and higher expectations of the communication
service quality. Low latency, high-efficiency, and high-reliability communication systems have
become the basic requirements. The architecture of a traditional digital communication system
is shown in Fig. 1.1, whose design is based on Shannon’s source-channel separation theorem [ 1].
The theorem tells that source coding and channel coding can be optimized separately to obtain
optimal performance in the case of infinite code length and known channel statistics. Source
coding is employed to reduce the redundancy in the original information by compression while
channel coding is used to protect the compressed data during transmission by adding redundant
information (additional parity-check bits). Source coding has been developed from the earliest
Shannon-Fano-Elias codes [ 1] to Huffman code [2], which is still widely used in all aspects of
data compression and transmission [3,4], to Golomb-Rice coding [5] used for Gaussian distri-
bution source compression, and to arithmetic coding [6], which has also aroused the interest of
many researchers. In terms of the research on channel coding, it includes the earliest Hamming

codes [7], Reed-Muller codes (referred to as RM codes) [&], convolutional codes [9], BCH
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Input
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Figure 1.1: The architecture of a traditional digital communication system.

codes [10], and capacity-approaching codes such as turbo codes [ 1], LDPC [12], and polar
codes [13], which have been widely used in the reliable transmission of various communication
systems.

Although a system designed separately for source and channel coding has simple and flex-
ible design advantages, it cannot fully use the statistical characteristics of source and channel
information. With the recent development of the Internet of Things, there has been a growing
interest in combining source and channel coding to integrate the system and improve transmis-
sion efficiency and effectiveness. Therefore, the joint source-channel coding technology, which
designs the source encoder/decoder and channel encoder/decoder in an interdependent way to
make the overall system achieving optimal performance, has become an important direction in
coding theory research.

The concept of joint source-channel coding was first conceived more than 70 years ago
[1]. It has been further investigated since the 1990’s [14—16]. The main idea is to allow the
source statistics and channel information to be utilized in the joint source-channel decoding
algorithms. Various joint source-channel coding schemes have been proposed. A typical image
source coder, that is discrete cosine transform coding, and a convolutional channel code are
used in a joint source-channel coding system [!7]. Considerable coding gains are achieved by
utilizing the image residual redundancy as a priori soft-output Viterbi decoding process. Due to
the outstanding error-correction performance of turbo codes [18] and LDPC codes [19], joint

source-channel coding systems using them as channel codes together with a source code have
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Source Channel
Protograph o Protograph

Punctured
variable nodes

Figure 1.2: The protograph of a joint source-channel coding system using DP-LDPC codes [24]. Variable
nodes and check nodes are represented by circles and squares, respectively. Punctured variable nodes are
represented by blank circles.

been proposed [16,20,21]. The source code length is variable in these systems. Variable-length
source codes increase the system implementation complexity and cannot match well with these
channel codes with excellent performance. In [22, 23], a concatenated LDPC joint source-
channel coding scheme is proposed. By using the LDPC code as the source code, a fixed-to-
fixed length compressed source sequence is generated. Then the compressed information is
protected by another LDPC code. An iterative source-channel BP decoding algorithm is used
at the receiver and results in good error performance.

P-LDPC codes [25-27], which can be represented by small-size protographs consisting of
VNs, CNs and parallel edges, are a sub-class of LDPC codes. They have parallel encoding
and decoding structures and the linear minimum Hamming distance property. Besides, due
to their small size, the theoretical performance can easily be evaluated by using the P-EXIT
algorithm [28]. In [24], DP-LDPC codes replace double randomly constructed LDPC codes
in the joint source-channel coding system, forming the DP-LDPC-based joint source-channel
coding system. The protograph representation of this joint source-channel coding scheme is
shown in Fig. 1.2. The source P-LDPC code and channel P-LDPC code are shown in the left
dotted frame and the right dotted frame, respectively. Circles and squares represent VNs and

CNis, respectively. In particular, punctured VNs in the channel protograph are represented by
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blank circles. The green lines shown in Fig. 1.2 connecting CNs in the source protograph
and VNs in the channel protograph in a one-to-one manner reflect the cascading relationship

between the source encoder and the channel encoder. The protograph shown in Fig. 1.2 can be

denoted by
BS BSCCV
B;, = , (1.1)
OmC XNg Bc
where
Bsccv = (Oms XMMe Im5> . (1 2)

i) By is the source protomatrix of size m; X ns.

ii) B. is the channel protomatrix of size m. x n..

iii) Bgcey 18 the SCCV linking protomatrix of size mg X n. [29], which consists of a zero matrix
of size ms X m,. and an identity matrix I, of size m4 X ms. I,,,, is correponding to those

green connections shown in Fig. 1.2.

Various optimization schemes for the DP-LDPC-based joint source-channel coding system
have been proposed. An unequal error protection (UEP) technique [30] and an unequal power
allocation technique [3 1] are respectively applied in the DP-LDPC-based joint source-channel
coding system to improve the error performance. In [32], a source protograph-based extrin-
sic information transfer (SP-EXIT) algorithm is proposed to calculate the source thresholds of
DP-LDPC codes, which provides theoretical guidance for matching source entropy and source
encoding rate. In [33], a JP-EXIT algorithm is proposed for calculating the channel threshold
of a DP-LDPC code. (Lower channel thresholds predict better waterfall region performance.)
Then the channel protomatrix B, is redesigned based on the JP-EXIT algorithm results to obtain
a performance improvement. In [34], the source protomatrix By and the channel protomatrix
B. are redesigned as a code pair to achieve coding gains. The optimal allocation of degree-2
VNs in the joint protomatrix By, (1.1) is studied in [35] and [36]. In [37], B;, is redesigned as

a whole and the resulting DP-LDPC codes have excellent error-correction capabilities. In [38],
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the columns in the identity matrix I,  of By, are exchanged to find the optimal connection
between VNs in B, and CNs in By so as to improve the error performance. In fact, swapping
columns in 1,,, is equivalent to swapping rows in By or swapping columns in B.. This opti-
mization scheme does not change the structure of DP-LDPC codes. All the above DP-LDPC
codes are required to satisfy the common constraint defined in (1.2). Such a constraint allows
easy encoding but largely restricts the design flexibility. Hence, the channel thresholds may not
be optimized. In the traditional LDPC channel encoding, linear and fast encoding can be per-
formed when the parity portion of the parity-check matrix possesses a lower or upper triangular
structure [39,40]. Firstly, a new class of DP-LDPC codes which replaces the identity matrix I,,,
in the SCCV linking protomatrix By, with a lower or upper triangular sub-base matrix with
“1”’s on its diagonal is proposed in this thesis. With the increased code design flexibility, we can
design new DP-LDPC codes with lower channel thresholds while preserving the linear and fast
source encoding property. The new class of DP-LDPC codes can outperform the original class
of DP-LDPC codes in terms of theoretical channel thresholds and error rates while maintaining
linear source encoding complexity.

It has been proved in [41-43] that compared with LDPC block codes, LDPC convolu-
tional codes can obtain convolutional gain by using an iterative belief propagation algorithm.
When LDPC convolutional codes are terminated, the corresponding codes are called SC-LDPC
codes [44,45]. In [46,47], two spatially coupled regular LDPC codes are concatenated by an
identity matrix in a joint source-channel coding system, and a sliding window joint source-
channel decoder is exploited. These codes are shown to possess better error performance com-
pared with DP-LDPC block codes used in [33]. Secondly, motivated by the result that spatially
coupling the codes can improve the error performance, a joint source-channel coding system,
where two spatially coupled SC-P-LDPC codes are spatially coupled is proposed in the thesis.
Specifically, the parity-check matrices of two SC-P-LDPC codes are connected by a SC-SCCV
linking matrix. By doing this, the flexibility of the code design is increased. Moreover, the cor-
relation between codewords generated at different times is increased. The current compressed

source symbols are not only related to the previous source symbols but also related to the previ-
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ously generated channel codewords due to the spatially coupled structure of the SCCV linking
protomatrix. We also set the first component base matrix for the SC-SCCV linking matrix
with the same structure as the SCCV linking matrix in the new type of DP-LDPC codes to
preserve the linear source compression. We call the proposed code “spatially-coupled double-
protograph-based LDPC” (DP-LDPC).

The joint source-channel coding schemes mentioned above all focus on code optimization
for low-entropy sources. There are only a few results for high-entropy sources. In [48], it is
shown that error floors caused by the source compression can be lowered by adding connections
between VNs in the source LDPC code and CNs in the channel LDPC code. In [49], similar
connections, shown as the orange edges in Fig. 1.3, are added in the DP-LDPC codes. The
relationship between the newly added connections and the error performance is investigated.
In [50], some design rules for the new connections between VNs in the source P-LDPC and CNs
in the channel P-LDPC are proposed for both low-entropy and high-entropy sources. In [29],
the source protograph and the SVCC linking matrix are designed as a whole to obtain a high
source threshold. Codes with higher source thresholds can be used to compress high-entropy
sources without suffering from an error floor caused by the compression. Yet little research has
been conducted in jointly designing the components of a code by considering both the source
threshold and channel threshold, especially for high-entropy sources.

Thirdly, in this thesis, we propose a new type of joint source-channel block codes, whose
SVCC linking matrix is a non-zero matrix for a high source threshold and SCCV linking matrix
consists of a zero matrix and a lower or upper triangular matrix with “1”s on its diagonal for a
low channel threshold. In other words, we add a non-zero SVCC linking base matrix to the new
type of DP-LDPC codes to form a new type of joint source-channel block codes. We construct
some new joint source-channel block codes for both low-entropy and high-entropy sources by
considering both source and channel thresholds. Theoretical analyses and simulation results
both show the proposed codes outperform state-of-the-art DP-LDPC codes for low-entropy and
high-entropy sources. Moreover, we spatially couple the joint source-channel block codes and

propose a new type of SC-JSCC. Compared with the structure of SC-DP-LDPC code, a SC-
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Source Channel
Protograph Protograph

Punctured
variable nodes

Figure 1.3: The protograph of a JSCC system using DP-LDPC codes [49] with connections between
VNs in the source protograph and CNs in the channel protograph.

SVCC linking base matrix is newly added.

1.2 Outline of the thesis

The thesis is organized as follows. Chapter 1 shows the background and motivation of our
research. The research results of DP-LDPC-based joint source-channel coding systems are re-
viewed. The shortcomings of the current DP-LDPC-based joint source-channel coding systems
and our improved joint source-channel coding schemes are discussed. Chapter 2 introduces
the basic concepts of P-LDPC codes, traditional DP-LDPC-based joint source-channel coding
systems, SC-LDPC codes, and concatenated SC-LDPC codes, encoding and decoding meth-
ods and theoretical analysis methods. In Chapter 3, the new class of DP-LDPC-based joint
source-channel coding system, where the identity matrix L,,, in the SCCV linking protomatrix
B,.., 1s replaced with a lower or upper triangular sub-base matrix with “1”s on its diagonal, is
introduced. Its encoder/decoder complexity and latency are also given. In Chapter 4, another
new type of joint source-channel coding scheme, where the parity-check matrices of two SC-
LDPC codes are connected by a SC-SCCV linking matrix, is illustrated. The first component

base matrix for the SC-SCCV linking matrix has the same structure as the SCCV linking matrix
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in the new type of DP-LDPC codes. It is called the SC-DP-LDPC based joint source-channel
coding scheme. Theoretical thresholds and error performance show that SC-DP-LDPC codes
constructed have better error performance compared with the concatenated SC-LDPC codes
and the existing DP-LDPC block codes. In Chapter 5, the structure, the encoding method, the
protograph-based analysis method, and the design method of the proposed JSC-BC are first in-
troduced. Joint source-channel block codes consist of source protomatrix, channel protomatrix,
a non-zero SVCC linking matrix and a SCCV linking matrix consists of a zero matrix and a
lower or upper triangular matrix with “1”s on its diagonal. The source and channel thresholds
and simulation results of the newly constructed JSC-BCs are also presented. Then, we intro-
duce the structure and encoding method of the proposed SC-JSCC. Based on the JSC-BCs,
we construct some SC-JSCCs. Each sub-block in the SC-JSCC (source protomatrix, channel
protomatrix, SCCV linking base matrix, and SVCC linking base matrix) has a spatially cou-
pled structure. Some error performance comparison results are also given. Chapter 6 gives the

conclusion of the thesis.



Chapter 2

Related technologies

2.1 LDPC codes

In 1962, Gallager proposed the LDPC code [12], which is a linear block code with excellent
error-correction performance. LDPC codes can be represented by a parity-check matrix or
Tanner graph [51]. For example, a (N, K') LDPC code is considered. N and K denote the
codeword length and the information length, respectively. The length of the parity-check se-
quence is M = N — K. The size of the parity-check matrix H is M x N. The row weight
denotes the number of “1”’s in the row of H. Similarly, the number of “1”’s in the column of H
is called the column weight. If the row weight and column weight are fixed, the LDPC code is
called a regular LDPC code; otherwise, it is called an irregular LDPC code. Since the number
of “1”s in H is very small, H is a sparse matrix with a low density of “1”’s. Because of this
feature, LDPC codes offer low implementation complexity.

For example, H in (2.1) denotes the parity-check matrix of a regular (10,5) LDPC code,
whose row weight and column weight are, respectively, 4 and 2. It can also be represented by the
Tanner graph shown in Fig. 2.1. The squares and circles represent check nodes ({C, Cs, ..., Cir})
and variable nodes (VNs) ({V4, V4, ..., Vi }), respectively. When the entry in the ith row and jth
column of H is “1”, there is an edge in Fig. 2.1 connecting the ith CN with the jth VN. The

number of edges connecting to a VN is called its degree. If a node goes back to itself through a

10
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Figure 2.1: The Tanner graph of the parity-check matrix H in (2.1).
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path, forming a closed loop, the number of edges contained in this closed loop denotes the size
of this cycle. The size of the shortest cycle in the Tanner graph is called the girth and is denoted
by g. For example, there is a cycle of size 4 and the pathis V; — Cy — Vy — C5 — V7 marked
in red in Fig. 2.1. Short cycles have a negative influence on error performance. It is crucial to
avoid them.

In 2003, J. Thorpe proposed the protograph-based LDPC (P-LDPC) codes [52], a sub-
category of multi-edge type LDPC codes [53]. They have outstanding error-correction capabil-
ity and low decoding complexity [54—-56]. P-LDPC codes can be represented by a protomatrix
or a protograph. We use B of size m x n to denote a protomatrix and use b;; to indicate the
entry in the ith row and jth column of B, where : = 1,2,...,m;j = 1,2,...,n. b;; can be
any non-negative integer. For example, B is shown in (2.2), where m = 3 and n = 4. Its
code rate is R = (n —m)/n = 1/4 = 0.25. Its protograph is shown in Fig. 2.2(a). We use

G = (N,, N, E) to represent the protograph. IN,, and IN,, respectively, denote the set of VNs
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(b) A derived Tanner graph by lifting the protograph with a
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Figure 2.2: The process of the first lifting with z; = 2.
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2.2)

and CNs. E represents the set of edges. Unlike the Tanner graph, there may be parallel edges

between VNs and CNs in the protograph.

We can use two steps to lift the protograph to form a large low-density parity-check matrix

with a quasi-cyclic structure [

—59]. Firstly, we lift the protomatrix B with a small lifting

factor z; using the progressive-edge-growth (PEG) algorithm [60]. The objective of this lifting

is to eliminate all entries with values larger than 1, thereby obtaining a matrix with only 0’s and
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1’s. B, shown in (2.2) is the protomatrix obtained by lifting B when z; = 2. Figure 2.2(b) is
the Tanner graph obtained by lifting the protograph when 2z; = 2.

Secondly, we lift B,, with a lifting factor of 29, forming a large parity-check matrix with the
quasi-cyclic structure of appropriate size [61]. We use IZ;J (0 < h;j < 29) to replace each non-
zeroentry in B, . IZ;J represents a CPM with size 25 X 25 obtained by cyclically right-shifting
the identity matrix I, by h; ; columns. For example, when h; ; = 3, the corresponding CPM
with 2o = 10 is shown in (2.3). Moreover, we replace each zero in B,, with a zero matrix 0.,
of size z9 X 2o.

A toy example of the second lifting is shown in (2.2). Hqc denotes the resultant parity-check
matrix by lifting B,, with 2o = 10. Note that we try to maximize the girth of the resultant QC-

LDPC matrix during the second lifting process.

_0 0010O0O0O0®O O_
00001O0O0O0O0©O
0000 10000
0000O0OO0OCTOO0O
0000O0OO0OO0OT1GO0F© 0 23)
000O0O0OO0OO0OO0OT1@O0
00 0O0O0O0OO0OO0O®O 01
10000O0O0O0O0O
01 000O0O0O0OO0O
_O 01 00¢O0O0O0®O 0_

2.2 JSCC based DP-LLDPC codes

Figure 2.3 depicts the protograph of a joint source-channel coding system using DP-LDPC
codes [24]. VNs and CNs are denoted by circles (blank circles denote punctured VNs) and
squares, respectively. The left dotted box of the figure includes a source P-LDPC code B of

size mg X ng and the right one shows a channel P-LDPC code B. of size m. X n.. In the source
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Figure 2.3: The protograph of the joint source-channel coding system based on double protograph-based
LDPC codes.

protograph, VNs and CNs correspond to source symbols and compressed symbols, respectively.
In the channel protograph, VNs correspond to the compressed symbols and parity-check bits,
and CNs represent a series of parity-check equations. Punctured VNs are not transmitted. The

source protograph and channel protograph are connected in a one-to-one manner, as shown by

the green connections in Fig. 2.3. The DP-LDPC code can also be denoted by

B, | ST
B;, = , 2.4)
OmCan B.
where
BSCCV = (Omsch Ims> . (25)

Bg..y of size mg X n, is called the source-check-channel-variable (SCCV) linking protomatrix
[29], which consists of a zero matrix of size ms X (n. — ms) = m, and an identity matrix
I,,. of size mg X m,. I,,, is corresponding to those green connections shown in Fig. 2.3. The
overall code rate of the DP-LDPC code is R = n,/(n. — n,), where n,, denotes the number of

punctured VN in the channel P-LDPC code.
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A large parity-check matrix can be obtained by lifting B, twice, resulting in

H,, = ‘ , (2.6)

0m32’1Z2><n52122 HC

where H, H., and H., are, respectively, the parity-check matrices obtained by lifting B, B.,

and B, twice.

2.2.1 Encoder

We use s = {s1, 82, ...,sn.} € {0, 1} to represent the binary independent and identically
distributed source sequence. Ny, = z129n, denotes the source symbol length. We define z =
2125 as the overall lifting factor. The probability of “1” in s is denoted by p; (p; # 0.5). The

probability of “0” in s equals 1 — p;. Therefore, the source entropy is calculated by

H = —pylogypr — (1 — p1)logy(1 — py). 2.7

The encoding algorithm of a DP-LDPC code is introduced in detail below.

Step(a) Firstly, we use ¢ to denote the compressed source sequence and it can be obtained by
c = s(H,)", (2.8)

where (H;)T denotes the transpose of Hi.

Step(b) Secondly, c is the input for the channel encoder. We use the Gaussian elimination

to transform H. to H., = (Imchmcz Pmczxmsz), which has a systematic form.

L. 2xm.- 1S an identity matrix of size m.z X m.z. Next, we obtain the generating

matrix G, = ((Pmczxmsz)T Imszxmsz). The channel codeword sequence v can be
obtained by

v = cG.. (2.9)
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Figure 2.4: The Tanner graph shows the joint BP decoder.

Finally, the codeword sequence v excluding the punctured bits is modulated by binary-
phase-shift-keying (BPSK) (“0” and “1” are mapped to “+1” and “—1”, respectively),

and transmitted over an additive white Gaussian noise (AWGN) channel.

2.2.2 Decoder

A joint source-channel belief propagation (BP) algorithm [62] is used to decode the DP-LDPC
codes. The Tanner graph in Fig. 2.4 shows the iterative decoding process.

We assume the following parameters.
* [ 4z 18 the maximum number of decoding iterations.

* M, and M., respectively, denote the number of check nodes in the source parity-check
matrix and in the channel parity-check matrix. Ny and V., respectively, denote the num-
ber of source symbols and the number of variable nodes in the channel parity-check ma-

trix.
* The noise variance of the AWGN channel is given by o2

o LLR;n;(j) represents the initial LLR of the jth VN (j = 1,2, ..., Ny + N,).



CHAPTER 2. RELATED TECHNOLOGIES 17

* «y; represents the LLR message sent from the ith CN to the jth VN. 3;; denotes the LLR
message sent from the jth VN tothe ithCN (: =1,2,.... My + M.and 5 =1,2,..., Ny +
N,).

* L,pp; denotes the a posteriori LLR of the jth VN.

» M(j) and N (i) represent the set of all CNs connected to the jth VN and the set of all
VNs connected to the ith CN, respectively. M (j)\¢ denotes the set of all CNs connected
to the jth VN excluding the ith CN. A/(7)\j denotes the set of all VNs connected to the
1th CN excluding the jth VN.

The following shows the decoding process.

Initialization:
¢ Set the iteration counter ¢t = 0.
* Set Q5 = Bij =0 VZ,]

* As shown in Fig. 2.4, LLR;,;; is generated by

LLR,(j), j=1,2,...,N,,
LLR;i(j) = ) (2.10)

LLR(j), j=Ns+1,Ng+2,....,Ng+ N,

B

i=0) Ply;lv;=0) _
P(

i=1) P(y;lvj=1)

2y;/o? for an AWGN channel with BPSK modulation. v; denotes the jth channel bit.

where the channel initial LLR information LLR.,(j) = log

+ log

v
v

The jth received signal y; = +1 + 7;, where 1; ~ N (0, 0?) denotes AGWN samples.

For punctured bits, LLR.;(j) = 0. The source a priori information is given LLR(j) =

In((1 = p1)/p1)-
Iterative process:

o Start: Set the iteration counter ¢t = 1.
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Step One: Updating LLLRs from VNs to CNs by

Bij = LLRuu(j) + )y, Vij @11)
{ MG\

Step Two: Updating LLRs from CNs to VNs by

j = 2tanh™ ( H tanh(ﬁij//2)>, Vi, j. (2.12)

j'eN(D\i

Step Three: Calculating the posterior LLRs by:

Lappj = LLRipiu(j) + Y oy, Vj. (2.13)
ieM(j)

Step Four: The reconstructed codeword is given by:

ﬁj =0if LAPP,j Z O, otherwise 'l/)] = 1, V] (214)

The reconstructed codeword should meet the condition:

v - (Hy)' =0, (2.15)

where v = {01, 0y, ..., U, 4+ N, } denotes the reconstructed codeword sequence. If (2.15) is
satisfied or t = I,,,,,, the iteration process will stop. Otherwise the iteration counter ¢ is

increased by 1, and Step One to Step Four are repeated.

2.2.3 JP-EXIT algorithm

For DP-LDPC codes, we can use the joint protograph-based extrinsic information transfer (JP-
EXIT) algorithm [33] to calculate the channel threshold (E;/Ng)in. (Es/No)n is the smallest

E /Ny value (in dB) which can make the mutual information (MI) between the a posterior log-
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likelihood-ratios (APP-LLRs) evaluated by variable nodes and their corresponding symbols
converging to “1” for a given p;. E; and NV denote the average transmitted energy per source
symbol and the AWGN noise power spectral density, respectively. A small (E;/Ny)¢, predicts
good waterfall error performance, i.e., good performance in the small £ /N, region.

We first define the following parameters.

* Iavc(i,j) and Iy ve(i, 7) denote the a priori mutual information (AMI) and the extrinsic

mutual information (EMI) from the jth VN to the ith CN, respectively.

* Incov(i,7) and Ig cv (i, j) denote the AMI and the EMI from the ith CN to the jth VN,

respectively.

* Ixpp(j) denotes the mutual information (MI) between the a posteriori log-likelihood-ratio

(APP-LLR) of the jth VN and its corresponding symbol.

* We use Fi,., to denote the maximum number of iterations in the JP-EXIT algorithm. A

and 6 denote the step size and tolerance value, respectively.
The definitions Jgsc(+), J(+), and J~1(-) [34] are given here.

50 (202, /2)2/(202,)

oo V2mo?,

where %, denotes the variance of LLR obtained by a transmitted VN.

J(O‘ch) =1-

log,[1 — e *ldz, (2.16)

The inverse J(-) function is given by

) a 1?2 4+ b1+ VI, 0 <1 <0.3646,
JHI) = (2.17)
—Q2 h’l[bg(l — [)] — CQ[, 0.3646 < I < 1,

where a; = 1.09542, b; = 0.214117, ¢ = 2.33727, as = 0.706692, b, = 0.386013, and
co = —1.75017.

Jpsc(u,pr) = (1 —p1) X I(V; €77 + py x I(Vi; €7), (2.18)
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where u denotes the average LLR value obtained by the source variable node V. I(V;; &7 /&1r1)
denotes the mutual information between V; and &'/¢1-P1. 7Pt ~ N(u + LLR,,2u) and
&P ~ N(u— LLR;,2u).

Algorithm 1 shows the process of obtaining (Fs/No)n-

Algorithm 1 JP-EXIT algorithm.

Given a protomatrix B, and set Fy,, = true.

Set a sufficiently small E/N,.
while Fj,, do
For Vi, j, set Ix vo(i,7) = Ieve(i,5) = Iacv(i,j) = Ieve(i,j) = 0 and Ixpp(j) = 0,
and set the iteration counter f = 1.
while f < F},,,, do
Update MI from VNs to CNis:
for Vi, 7 do

Calculate I vc(i,j) =

w(ez‘,j)JBSC< > e ;[T Taov (i, )2 + (eij — 1)[J_1(IAcv(i,j))]2,P1>,
i'#i

1§j§n87

ns < j < (ns+ne),
(2.19)

where e; ; denote the entry in row ¢ and column j of By,. ¢)(e; ;) = 0 when e; ; = 0,
otherwise ¢(e; ;) = 1. 0. ; = 8R(E,/Ny) when the jth VN is not punctured. o, ; =
0 when the jth VN is punctured.

end for

Set I vc(i,j) = Igve(i, j), Vi, .

Update MI from CNs to VNs:

for Vi, j do
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Calculate It oy (i, j) =

¥(eiy) (1_J< Z e; ;[ (1 = Iave(i, J)? + (e; — DI (L - IAVC@J))P)) :

5 #3
(2.20)
end for
Set In ov(%,7) = In.cv(i, j), Vi, j.
Calculate
4
JBsc (Zei,j[J_l(IACV(iaj))Fa]h)a
. -] - 17 27 M 7n57
IAPP(]) — (2.21)
J<\/Z el (Iacv(i, j))]? + Oc2h,j> )
\ jJ=ns+1, ... ,ns+n..
Ns+MNe

if Z (1 — Iapp(j)) < 0 then
S]e:tl(ES/No)th = E,/Ny and Fj,, = false
break
else
Set f = f+ 1.
end if
end while
Set Es /Ny = Es/Ny + A

end while

A source threshold py, is defined as the largest value of p; which makes Iypp(j) for j =
1,2,...,n, reach “1” when the channel information is perfect, i.e., /Ny is large enough. A

high source threshold means the code can adapt to high-entropy sources.
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Figure 2.5: The protograph of DP-LDPC codes with a SVCC linking base matrix.

2.2.4 DP-LDPC codes with a SVCC linking matrix

It has been proved in [29,48-50] that adding connections between VNs in the source P-LDPC
code and CNs in the channel P-LDPC code can obtain DP-LDPC codes with high source thresh-
olds. Those connections shown as orange lines in Fig. 2.5 form the source-variable-channel-

check (SVCC) linking base matrix Bgy... This type of DP-LDPC codes is denoted by

B’ — . (2.22)

H = . (2.23)

There is a small difference in the encoding methods of the DP-LDPC codes with and without
the SVCC linking matrix. Firstly, we obtain the compressed source sequence c using the same
method shown in (2.8). Next, we combine s and c as the input for the channel encoder. Channel
encoding is performed based on the parity-check matrix [Hgy.. H.| to obtain the parity-check

bit sequence p. s and punctured bits in the channel codeword v = {p, ¢} are not transmitted.
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H} has the similar decoding method and threshold calculation method as Hj,, i.e., the joint BP

decoder and JP-EXIT algorithm.

2.3 SC-LDPC codes

In 1999, Alberto Jiménez Felstrom and Kamil Sh. Zigangiro proposed the concept of LDPC
convolutional code based on LDPC code and also gave its encoding and decoding algorithm
[63]. Convolutional LDPC codes combine the advantages of LDPC block codes and convolu-
tional codes [64,65]. They not only have excellent error correction performance, but also can
meet the high-speed encoding and decoding requirements. In 2011, Michael Lentmaier et al.
proposed LDPC convolutional terminated codes [66], and proved these codes have threshold
saturation properties when the coupling chain is long enough. This means their BP decoding
thresholds can approximately reach the maximum a posteriori probability decoding thresholds
when the code length is large enough. In the same year, Shrivinivas Kudekar et al. [67] proved
that the characteristics of threshold saturation allow the codes to approach the Shannon limit in
theory. The LDPC convolutional terminated codes are also called spatially coupled LDPC (SC-
LDPC) codes [68]. The SC-LDPC code can be constructed based on the P-LDPC block codes
by using the edge spreading technique [69, 70]. When the SC-LDPC code length is too long,
a good decoding method needs to be used to decrease the decoding complexity and decoding
latency. A sliding window belief propagation (BP) decoding method [41,43,71,72] is usually
used to decode the SC-LDPC codes.

We present the structure of SC-LDPC codes. Figure 2.6 shows an example of the con-
struction process of the SC-LDPC code based on an LDPC block code. Circles and squares,
respectively, denote check nodes (CNs) and variable nodes (VNs). Figure 2.6(a) shows the
protograph of an LDPC block code. It is a (3, 6)-regular LDPC block code, where 3 and 6 de-
note the degrees of VN and CN, respectively. Figure 2.6(b) shows the protograph of an LDPC
convolutional code. The protograph shown in Fig. 2.6(a) is repeated infinitely and edges are

rearranged. By coupling repeated protographs of the LDPC block code, a VN is connected with
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(a) (b)

(©)

Figure 2.6: (a) The protograph of an LDPC block code. (b) The protograph of an LDPC convolutional
code. (c) The protograph of an SC-LDPC code.

m + 1 CNs adjacent to it. m denotes the syndrome former memory. When we terminate the
LDPC convolutional code, the protograph of an SC-LDPC code is shown in Fig. 2.6(c). L is
the coupling length, i.e., the number of repeated time of the LDPC block code.

We can use the protomatrix B = (3 3) to denote the protograph in Fig. 2.6(a). We can
use protomatrices B, and By shown in Fig. 2.7(a) and Fig. 2.7(b) to denote the protographs
in Fig. 2.6(b) and Fig. 2.6(c), respectively. When we use the edge spreading technique [69, 70]
to construct an LDPC convolutional code or an SC-LDPC code based on an LDPC block code,
the sum of B to B,, in B, or B, should be equal to B. For B, or B,. constructed based
on B = (3 3), m=2and By = B; = B, = (1 1). We use b. and b,, to denote the
number of CNs and VNs in B, respectively. For Fig. 2.6(a), b. = 1 and b, = 2. Its code rate
R = (by — b.)/by = 0.5. The code rate of an LDPC convolutional code is the same as R. The

code rate of an SC-LDPC code is Ry = R — 77 b

Oc¢
by’
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B,, B
! By = B,, By
Beonv = B, . By B B
1
Bm Bl "
B., B,

(a) (b)
Figure 2.7: (a)The protomatrix of an LDPC convolutional code. (c) The protomatrix of an SC-LDPC
code. L is the coupling length. For protographs in Fig. 2.6, m = 2and Bg = B; = By = (1 1).
2.4 Concatenated SC-LDPC codes for joint source-channel

coding

Based on the excellent error-correction capability of SC-LDPC codes, Ahmad Golmohammadi
and David G. M. Mitchell proposed a concatenated SC-LDPC joint source-channel coding
scheme in [46,47]. We take an example to introduce the structure of a concatenated SC-
LDPC code and its encoding and decoding methods. A source SC-LDPC code is constructed

based on a (3, 12)-regular LDPC block code, i.e., By = (3 3 3 3>. A channel SC-LDPC

code is constructed based on a (3, 6)-regular LDPC block code, i.e., B. = (3 3). The
syndrome former memories of source SC-LDPC code and channel SC-LDPC code are, re-
spectively, my = 2 and m; = 2. The sub-block protomatrices of source SC-LDPC code are

B, = By, = B;, = (1 1 1 1). They have ms = 1 CNs and ny; = 4 VNs. The sub-block

protomatrices of channel SC-LDPC code are B, = B., = B, = <1 1). They have m, = 1
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Figure 2.8: The protomatrix of a concatenated SC-LDPC code constructed based on a source (3, 12)-
regular LDPC block code and a channel (3, 6)-regular LDPC block code.

CNs and n. = 2 VNs. The source SC-LDPC code and channel SC-LDPC code are concatenated

by using an identity matrix of size ms X ms, i.e., 1 in (0 1) shown in Fig. 2.8. L, and L,

shown in Fig. 2.8 are the coupling lengths of source SC-LDPC and channel SC-LDPC codes,

respectively.
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2.4.1 Encoder

Attime t (= 0,1,2,..., Ly — 1), the source sequence of size 1 X nyz (z is the overall lifting
factor) is denoted by s;. Entries in s; are “0” or “1”. The probability of “1” in s; is denoted
by p; and the probability of “0” given by 1 — p;. The distribution of “0” and “1” in s; follows
a Bernoulli distribution. The compressed source sequence of size 1 X m,z is denoted by c; at
time ¢. The parity-check bit sequence of size 1 x m.z for channel encoder is denoted by p; at
time ¢. The channel codeword sequence of size 1 X n.z is denoted by v, at time ¢. v; consists

of Cy and P:» i.e., Uy = [pt7 Ct].

1. At time ¢ = 0, we firstly generate the compressed sequence c, by calculating the syn-
drome based on the input s, and the quasi-cyclic (QC) parity-check matrix obtained by
lifting By, = <1 1 1 1) on the first row of B%,. Next, ¢ is regarded as the input
for the channel encoder at time ¢ = 0 and we generate p, based on the QC parity-check

matrix obtained by lifting B, = (1 1) on the first row of B%,. Based on the SCCV

linking base matrix shown in Fig. 2.8, i.e., <() 1) , the left VN in B, is corresponding

to po and the right VN in B, is corresponding to c¢y.

2. Attime ¢ = 1, we firstly generate the compressed sequence c; by calculating the syn-
drome based on [sg, s1] and the QC parity-check matrix obtained by lifting (BSl BSO)
on the second row of BY,. Next, c; together with v is regarded as the input for the
channel encoder at time ¢ = 1 and we generate p; based on the QC parity-check matrix

obtained by lifting (]3C1 Bc0> = ((1 1) (1 1)) on the second row of Bfpy.

3. Attime 2 < t < L, we firstly generate the compressed sequence c; by calculating the
syndrome based on [s; 2, S;_1, 8;] and the QC parity-check matrix obtained by lifting
(352 B,, BSO) on the (¢t + 1)-th row of Bf. Next, ¢; together with [v;_o, vy 4] is
regarded as the input for the channel encoder at time ¢ and we generate p; based on the
QC parity-check matrix obtained by lifting (BC2 B, Bco) = ((1 1) (11) (1 1))
on the (¢ + 1)-th row of B,.
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4. There are no new inputs to generate vy, ..., Vr, +mo—1 (Mo = 2 here). For Ly <t <
Ly + mo — 1, we firstly generate the compressed sequence c; by calculating the syn-
drome based on [s; o,...,S., 1] and the QC parity-check matrix obtained by lifting
(BSLSHt o BSO) on the (¢ + 1)-th row of B%.,. Next, ¢; together with [v;_o, v;_1]
is regarded as the input for the channel encoder at time ¢ and we generate p; based on the
QC parity-check matrix obtained by lifting (BC2 B, Bco) = ((1 1) (11) (1 1))
on the (¢ + 1)-th row of BS.

5. Attime t > Lg 4+ mg — 1 (mg = 2 here), extra channel codeword sequences consisting
of parity-check bits need to be added to check the left m; = 2 block rows of B, shown
in the first two block rows of the sub-protomatrix in the black frames of Fig. 2.8. We use

Biemaining (2.24) to denote the sub-protomatrix in the black frame of Fig. 2.8.

VL, VL 41[VL+2VL+3
(I1)(11)(11)
(1)(11)(11) ] (2.24)
(11)(11)
(11)

Bremaining =

To ensure that encoding could be performed based on Biemaining and the known v
(i.e., V1, +mg—my) and vy 41 (1.€., V1, 1my—1), the number of parity-check equations in
B cmaining should be no more than the number of variable nodes in vy 1o (i.€., U ymg)s

) vLc—la 1.€.,

Lextra + my S ncLextra — Lextra + 2 é 2Lextra7 (225)

where L, denotes the number of block columns added after the block column corre-
sponding to vy, 41 (i.e., after the (L; + 2)-th block column of BS.p,). Therefore, we obtain
Lexira = 2, which is the smallest integer selected such that (2.25) is satisfied. Next, we

can calculate the channel coupling length by L. = Ls + my + Lextra = Ls + 4.
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2.4.2 A joint sliding window-based decoder

A joint sliding window-based belief propagation (BP) algorithm is proposed in [47] to decode
concatenated SC-LDPC codes. w denotes the window size. We use the protomatrix of concate-
nated SC-LDPC codes shown in Fig. 2.8 to illustrate the decoding method. A window with size
w includes w sub-block rows and w sub-block columns of the source SC-LDPC protomatrix,
the channel SC-LDPC protomatrix, and the SCCV linking protomatrix. The blue dashed frame
in Fig. 2.8 includes the sub-protomatrices of the concatenated SC-LDPC codes in a window
of size w = 3. In each window, the first n, = 4 VNs of the source sub-protograph and the
first n. = 2 VNs of the channel protograph can be decoded by using the joint BP algorithm
introduced in Section 2.2.2.

In the next decoding timeslot, the window in Fig. 2.8 will slide to the right and downwards,
1.e., move to the red dashed frame. Moreover, all updated log-likelihood ratio (LLR) messages
and previously decoded source symbols and channel codewords may be used to facilitate de-
coding the source symbols and channel codewords in this window.

The detailed decoding process is described in Algorithm 2. We first define the parameters

as follows.
* [hax 18 the maximum number of decoding iterations.

* Binary phase-shift-keying (BPSK) modulation is used where bit “1” and “0” are mapped

to “—1” and “+417, respectively.

¢ The channel used in this thesis is the AWGN channel and the noise variance is denoted

by o2.

* ¢ and j respectively denote the indices of CNs and VNs in the window.

e M(j) and N (i) represent the neighbors of the jth VN and the neighbors of the ith CN,

respectively. Neighbors of a node represent all nodes connected to that node.

* M(j)\i denotes the neighbors of the jth VN excluding the ith CN; and N (i)\j denotes
the neighbors of the ith CN excluding the jth VN.
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L 4pp; denotes the a posteriori log-likelihood ratio (LLR) of the jth VN.

* «;; represents the LLR message sent from the ¢th CN to the jth VN.

Bi; denotes the LLR message sent from the jth VN to the ith CN.

¢! denotes the partial syndrome of row i at time ¢.

We set M, = wmgz, Ny, = wngz, M. = wm.z and N, = wn.z.

When the concatenated SC-LDPC terminates, we decode all remaining source symbols and

codewords in the last window. The last window contains all remaining blocks.

Algorithm 2 Joint sliding window-based belief propagation algorithm.

Set the time counter ¢t = 0.

Set ajj = Bi; = 0 Vi, j, Lapp; = 0Vj, and ¢? = 0 Vi.
Initialization

if t==0 then

Set

11](1 _pl)/p17 .7 - 1727 "‘7N57
Lappj = (2.26)
2yj/02a ] = Ns + 1, -~-aNs + NCa

where y; denotes the jth received signal. When jth VN is punctured, y; = 0.
else

Set

Lappjingz J=1,2,..., Ng — ngz,
In(1 —p1)/p1, j = Ns —nsz+1,...,Ng,

Lapp; = 2.27)
LAPP,j+ncZ7 j - Ns + 17 ceey NS + (UJ - 1)TZCZ,

2yj/o?, j = Ng+ (w—1)ncz+1,...,Ns+ N..

\

for:=1,2,..., My — msz do
Setj € N (1)

if j < Ngs — ngz then

aij = oy, k=14 msz, f = j+ ngz, (2.28)
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elseif N; +1 < j < Ny + N, — n.z then

i = app, k=1i+msz, f=j+nez, (2.29)

else
Set a;j = 0.
end if
end for
fori=M;+1, M+ M. — m.z do
Set j € N (i).
if N;+1<j<Ns;+ N.— n.z then

a;j = agf, k=1+mez, f = j+ nez, (2.30)

else
Set aj; = 0.
end if
end for
Seta; =0,i=M;—msz+1,...,Mgand Mg+ M, — mez+ 1, ..., My + M, j € N(i).
end if
Start iterating
Set the iteration counter I = 0.
while I < [, do

(1). Update LLRs from VNs to CNs using

Bij = LAPP,j — Q4 7=1,2,...,Ng+ N.and ¢ € M(j) 2.31)

(2). Update LLRs from CNs to VNs

fori=1,...,Ms;+ M., j € N(i) do
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if i < mgmszor My <i < Mg+ mim.z then

Qij = 2tanh ™! ((‘”qf H tanh(ﬁz‘j’/2>)a

7 EN(i)\j
else
a;j = 2tanh™! ( H tanh(ﬁij//2)>.
7 EN(D)\j
end if
end for

(3). Calculate the posterior LLRs

fori=1,2,...,Ns+ N.do

In(1 —p1)/p1 + Zi/e/\/l(j) Qs J < N,

2y/0° + Xy epq) @gr 3 2 No+ 1.

Lappj =

end for
Setl =1+1.
end while

Output: When j = 1,2,...,ngzand Ny + 1, ..., Ns + n.z, calculate

’ 07 LAPP,j > 07
1, LAPP,j < 0.

’

sequence at time ¢, respectively.

32

(2.32)

(2.33)

(2.34)

(2.35)

!/ / !/ ’ ’ ’
Vg = [vl, Vg, oo, vnsz} and v, = {v Not1r -5 UN, +n¢z] are the output source sequence and channel



CHAPTER 2. RELATED TECHNOLOGIES 33

Calculate the partial syndrome: Set

T T
H, H.,
Hs, H.,
qf =V | Hg, ) qf =V | He, (2.36)
H,, H,,

The two QC sub-block parity-check matrices above are obtained by lifting sub-block protomatrices

on the (¢ + 1)-th columns of Bf., and B, respectively.

t—1 Ss(s .
q +q (1), 1 <i<mgomsz,
g = ez T ’ 2.37)

g (i), momsz < i < (mo+ 1)msz.

@+ as (i — M), Mg+ 1 <i < Mg+ mymez,
q; = (2.38)

qs(i — My), Ms+ mimez < i< Mg+ (m1 + 1)mez,

~+

where ¢f (i) and gf (i — M) denote the ith and (i — M;)-th elements in g} and gy, respectively.

Sett =t + 1, then go to Initialization.

2.4.3 Calculation of source and channel thresholds

We can use the JP-EXIT algorithm introduced in Section 2.2.3 to calculate the channel thresh-
olds and source thresholds based on the sub-block protomatrices in a window. We take an

example to show the detailed process. We assume w = 3. The sub-block protomatrices in a
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window shown in the blue dashed frame of Fig. 2.8 form a protomatix denoted by

(1111) (01)
(1111) (1111) (01)
B (1111) (1111) (1111) (01) | .

(11) (11
(11) (11) (11)

w
conc_sc

We can regard B as a block code and use the JP-EXIT algorithm to calculate the source
and channel thresholds of the concatenated SC-LDPC codes for a given w. Unlike the stopping
condition of JP-EXIT algorithm for DP-LDPC codes, for concatenated SC-LDPC codes, if the
mutual information (MI) between the APP-LLRs of the first n, source VNs and first n. channel

VNs in a window and their corresponding symbols reaches “1” or the maximum number of

iterations is reached, the iterations will stop.

2.5 Differential evolution method

The differential evolution (DE) algorithm is a good method to solve the non-linear optimiza-
tion problem with the constraint [73]. We assume the goal function is mingcp f(x). © =
x1,Ta, ..., Tk 1s the solution vector and K is its dimension. D is the constraint range for each
entry in . Figure 2.9 shows the process of the DE algorithm.

We can use the DE method to design a code [29]. In this case, entries in a code are the
solutions. f(x) usually returns the channel threshold of a code consisting of . The function
in the mutation operation will be slightly changed so that z,,, (i = 1,2, ..., N) satisfy different
constraints for different problems.

We give a toy example to show how the DE algorithm is used to design a code. We assume
the structure of a code as (2.40). We want to use the DE method to search x’s in B (2.40) to find

a code with a low channel threshold. The constraints are 0 < x < 3 and z is a non-negative
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Initialization: we generate some candidate solutions. The number of candidate solutions is defined as N. These solutions
are denoted by x4, x5, ..., xy. Set the generation counter g = 1.

Ryd

= Mutation: we mutate candidate solutions by using x,,, = x,, +pm (%, — x,.,)) (i = 1,2,...,N). r1, 1, and r5 are randomly
chosen from {1,2, ..., N}. py, is usually in (0.4,1). x,,, should satisfy the constraint.

~
Crossover: we replace entries in x4, x3, ..., xy With entries in x, , X, , ..., X, With the probability of p. (p. € (0,1)),
respectively. The solutions after the crossover operation are denoted by x. , x., , ..., X -

o

Selection: if f(x.,)< f(x;) (i = 1,2,..,N), we replace x; with x, to form the new candidate solutions for the next generation

No, then g= g + 1. Yes

g = G? G is the set number

E> End

af generations.

Figure 2.9: The process of the DE algorithm.

integer.

0

0

0

0

X

X

X

T

T

(2.40)

¢ Initialization: The number of candidate codes is defined as /N. Here we assume N = 3

for a simple explanation. We generate these three candidate codes shown as By (2.41),

B, (2.42), and B3 (2.43). The red values in these codes correspond to the values to be

searched. We assume the channel thresholds of B;, By, and B3 are 0.75 dB, 0.50 dB, and

0.00 dB, respectively.

B,

(2.41)
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Bo=[00 0

0000120

0

* Mutation: We generate each code at this step by using

B,.. = 6B, +pu(B, =B, ) (i=1,2,...

36

(2.42)

(2.43)

(2.44)

where ¢() outputs an integer by rounding the absolute value of the input. We assume the

codes obtained after the mutaion operation are B,,, (2.45), B,,, (2.46), and B,,,, (2.47),

respectively. When we obtain B,,,,, we assume 1 = 3, v, = 1, and r3 = 2. When we

obtain B,,,, we assume r; = 3, ro = 2, and r3 = 1. When we obtain B,,,, we assume

r1 = 2,179 = 3, and r3 = 1. Blue values in these codes are responding to values to be

searched.

010

0

1

1

(2.45)
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2 21 3 2

o o O
e}
e}
e}

00011331

37

(2.46)

(2.47)

* Crossover: We replace values in By, By, and B3 with those in B,,,,, B,,,,, and B,,,, with the

probability of p., respectively. We assume p. = 0.8 here and then obtain the codes after

the crossover operation shown as B., (2.48), B., (2.49), and B, (2.50), respectively.

221100010
122100031
000021320

o o O
o
o
o
—
[\
S
w
—

(2.48)

(2.49)
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0 00
0

o o O
)
o

0

2

1

3

2

00010321

38

(2.50)

¢ Selection: we assume the channel thresholds of B.;, B.», and B3 are 0.85 dB, 0.65 dB,

and —0.10 dB, respectively. We compare them with that the channel thresholds of B1, Bo,

and B3, i.e., 0.75 dB, 0.50 dB, and 0.00 dB, respectively. We can see that B.3 has a lower

channel threshold than B3. So we generate the new candidate codes, i.e., By, Bo, and B3

for the next generation, where B3 among the old candidate codes is replaced with B.s.

* We repeat the mutation, crossover, and selection operations until the set number of gen-

erations is reached.

2.6 Summary

This chapter provides an overview of the codes related to our research, laying the foundation for

the introduction of our proposed joint source-channel coding schemes in the subsequent chap-

ters. The codes discussed include LDPC codes, previous joint source-channel coding schemes

based on DP-LDPC codes, SC-LDPC codes, and concatenated SC-LDPC codes, where a source

SC-LDPC code and a channel SC-LDPC code are concatenated by using some identity matri-

ces. This chapter also introduces the differential evolution method, which is used to design

codes.



Chapter 3

New type of DP-LDPC codes

In the traditional LDPC channel encoding, linear and fast encoding can be performed when the
parity portion of the parity-check matrix possesses a lower or upper triangular structure [39,40].
In this chapter, we propose a new class of DP-LDPC codes [74] which replaces the identity
matrix L,,, in the SCCV linking protomatrix B, with a lower or upper triangular sub-base
matrix. With the increased code design flexibility, we can design DP-LDPC codes with better
channel thresholds while preserving the linear and fast source encoding property.

Figure 3.1 illustrates the structure of the new class of DP-LDPC codes (with the red connec-
tions). Compared with the traditional DP-LDPC codes shown in Fig. 2.3 presented in Section
2.2, the new class of DP-LDPC codes allows extra connections (denoted by red lines) between
the CN set in the source P-LDPC code and the VN set in the channel P-LDPC. In other words,
the CNs in the source P-LDPC code and VNs in the channel P-LDPC code are not linked in
a one-to-one manner, but in a one-to-multiple manner. However, we set a constraint on the
new connections such that the new SCCV linking protomatrix consists of a zero matrix and a
lower/upper triangular base matrix with 1’s on the diagonal. In other words, the new class of

DP-LDPC codes can be denoted by

B
B; = ; (3.1

39
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Punctured
variable nodes

Figure 3.1: Representation of the traditional (without the red connections) and new class of (with the red
connections) DP-LDPC codes.

/

is the new SCCV linking protomatrix. Furthermore, the structure of B ., can be

where B,

scev

written as

B = (omsxmc Tms) : 3.2)

where T, is an upper or a lower triangular matrix with size m; X m, and 1’s on the diagonal.

For example, if T,,,, is a lower triangular matrix, it can be written as

1 0 0 0
thy 1 0 - 0
Tn, = ; (3.3)
: : e ‘. 0
tms,l tms,Q e tms,ms—l 1

where t;; (1 € {2,...,ms};j = 1,...,1 — 1) are non-negative integers. We first lift the

protomatrix Bj with a small lifting factor z; using the progressive-edge-growth (PEG) algo-

z1 Z1
BS 0m5z1 XMcz1 Tms

rithm [60] to form B}' = , B! with size mgz1 X ng2y is
z
OmCzlxnszl BC1

obtained by lifting By; B! with size m.z; X n.z; is obtained by lifting B, ; and T}, with size

ms2z1 X mgz; 1s obtained by lifting T,,.. The objective of the lifting is to eliminate all entries
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with values larger than 1, thereby obtaining a matrix with only 0’s and 1’s.
Then, we lift B}' again with a lifting factor of z,, forming a large quasi-cyclic low-density

parity-check (QC-LDPC) matrix of appropriate size [61]. We denote the QC-LDPC matrix by

21 21
H Oz xmezr 20 HTms

(3.4)

21
Hc

Omczlzz XNsg2122

Each entry % in Hj represents a circulant permutation matrix (CPM) with size z, X 25 obtained
by cyclically right-shifting the identity matrix I, by & columns. HZ', H?', and Hfflms are QC
parity-check matrices obtained by lifting B*, B7', and T}, , respectively. Note also that during
the lifting process, we try to maximize the girth (shortest cycle) of the resultant QC-LDPC

matrix.

3.1 Source encoding

We consider a binary independent and identically distributed (i.i.d.) source that follows a
Bernoulli distribution, with the probability of “1” given by p;, the probability of “0” given
by 1 — p;. Given a sample source sequence s of length 1 X Ny = 1 X ngz129, we divide
it into nsz; sub-sequences s; (1 = 1,2,...,n,21) each of length z;. Thus we can rewrite s
as s = (81 S - Sp..,, ). Then, we generate the compressed source sequence ¢ of length
1 x My =1 X mgz129 using H*and Hlems in (3.4). We divide c into msz; groups each of
length z; and represent c as ¢ = (¢; €2 -+ €y, ). Considering the first block row of Hj
shown in (3.4), we have > 7' si(Ithi))T +e=0=¢ => "7 si(Ihgm)T, where 1"
(G =1,2,....msz1;i = 1,2, ...,n421) denotes the (j,7)-th circulant permutation matrix in HZ*.
Then,

Ngz (4,4) i (4,k)
¢ = > si(I)T + Zizll ()T, (3.5)

(i:h) . : . o
where I denotes the (j, k)-th circulant permutation matrix in H7 . Afterwards, the com-

pressed source symbols c is passed to the original channel coding to evaluate the parity-check
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bits based on H".

3.2 Complexity and latency analyses

3.2.1 Source encoder

In the traditional DP-LDPC joint source-channel coding system shown in Fig. 2.3 presented in

Section 2.2, ¢; (j = 1,2, 3, ..., ms21) can be computed in full parallel using

cp= S si(Ihgj’i))T, j=1,2,...,msz - (3.6)

In a practical environment, however, ¢ would not be derived in full parallel, because it would
require a lot of hardware resources. A more feasible implementation of the hardware source
encoder is to compute c; sequentially, i.e., ¢, ¢, ..., ¢y, .,. For the proposed new DP-LDPC
codes, ¢; can be computed after all ¢;; where j° < j have been evaluated based on (3.5). Since
only one ¢; (j = 1,2,...,m,z) needs to be derived each time, the hardware resources for
source encoding in the proposed DP-LDPC-based joint source-channel coding system will be
similar to that of the original DP-LDPC-based joint source-channel coding system. Moreover,
both (3.5) and (3.6) above can be completed with simple shift registers and Xor gates. Thus, the
source encoding complexity of both systems are considered as low though the proposed system
could be relatively more complex.

For these two DP-LDPC-based joint source-channel coding schemes, we can compute the
2 values in each sequence ¢; (j = 1,2, 3, ..., m,z1) in parallel. We can construct a balanced
binary tree to implement the binary addition of multiple input symbols. The balanced binary
tree structure with 7 inputs is shown in Fig. 3.2, where each circle denotes a binary addition
(i.e., Xor gate). The number of levels is 3 and there are 6 binary addition operations. For a
balanced binary tree structure with x inputs, z — 1 addition operations are needed to generate
an output and the number of levels is given by [log, = ]. Thus the latency is given by [log, =71,

where 7; denotes the time taken by a binary addition operation (Xor gate).
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Figure 3.2: A balanced binary tree structure for the binary addition operations with 7 inputs. I1, Is, ..., I7
are the input symbols. Black circles denote the binary addition operations. F;_; denotes the output value
of the jth binary addition operation at the ith level. This structure comes from the binary tree proposed
in [75] and has been authorized by the author Francis C. M. Lau of this reference.

For the traditional DP-LDPC joint source-channel coding scheme, each of the 2z, values in
the sequence ¢; (j = 1,2, 3, ..., ms21) is generated by the binary addition of w? source symbols,
where w? denotes the jth row weight of B?'. In other words, for the balanced binary tree
structure, there are w? (= [j/z;]-th row weight of (B, B, ) minus 1) inputs.

For the new DP-LDPC joint source-channel coding scheme, the values in the sequence ¢;
(j = 1,2,3,...,my2) are generated by the binary addition of w! source symbols and w{ —1
compressed symbols, where w{ denotes the jth row weight of T}} . In this case, for the balanced

binary tree structure, there are w’ +w’ —1 (= [j /2 ]-th row weight of (B, B

Lecy) Minus 1) inputs.
In general, the number of Xor gates required in the source encoding process is determined
by the largest possible number of input symbols, which is proportional to the largest row weight

of (B Bgy) (for the traditional DP-LDPC code) or (B, B!

SCCv

) (for the proposed DP-LDPC
code) minus 1. Specifically, the number of Xor gates required in the source encoding process

equals the largest row weight of (Bg By, ) or (Bs B,

teey) Minus 2. Moreover, the percentage

increase in source encoding latency is given by

>, [logy(w] +w] — 1)] = 3 [log, w]]
>, logy wl] '

(3.7)

Alatency =
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Even though the percentage increases in source encoding complexity and latency may seem
large, the increase in the combined encoder complexity and latency (when considering both

source encoding and channel encoding) is much lower.

3.2.2 Decoder

The decoding complexity of the proposed DP-LDPC codes can be analyzed as follows.

As shown in Section 2.2.2, we use a joint belief propagation (BP) algorithm to decode the
DP-LDPC code as one single code (i.e., By, or Bj after lifting is considered), and to update the
check-to-variable (C2V) messages and variable-to-check (V2C) messages iteratively. Since the
computation of C2V messages is much more complex than that of V2C messages, we approx-
imate the complexity of the decoder by the complexity of the check-node processors (CNPs).
We further assume using the symmetric binary tree structure in [75] to compute C2V messages
during the hardware implementation. Figure 3.3 reviews the structure when a check node (CN)
has a degree of 14. For this CN, there are 14 V2C inputs and 14 C2V outputs. We use the look-
up table (LUT) method to implement the “tanh” function. A LUT has two inputs and generates
an output. Firstly, we construct a balanced binary tree based on the 14 inputs. The number of
levels equals [log, 14] = 4. At the ith (: = 1,2, 3) level, each node denotes a LUT. The two
inputs of a LUT are the children of the node. At the lowest level (i.e., 4-th level), each node
denotes a V2C input (i.e., represented by I to [14). In Fig. 3.3, P;_; denotes the jth output at
the 7th level.

When we calculate the message passed from the CN to the first VN (i.e., O1), Io, I3, ..., I14
need to be used. Based on the binary tree structure, we need to use the outputs from Py o, P39, P> »
and P, _», to complete the computation. We first use P»_5 and P;_» to calculate P2/_1. Then we
use P, , and P3_, to calculate P;_,. Finally, we use P; , and P,_, to calculate O;. As shown
in Fig. 3.3, all LUTs and V2C input related to the calculation for O; are indicated by dashed
circles. In order to reuse LUTs as much as possible, we can use P:;fl and P,_; to calculate O,
(i.e., the message passed from the CN to the second VN). In fact, another tree is constructed by

mirroring the balance binary tree from the second level downwards. The nodes in this mirror
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Figure 3.3: A symmetric binary tree structure of a C2V update in parallel. The check node has a degree
of 14 [75]. Iy, I, ..., I14 are V2C inputs and O1, Os, ..., O14 are C2V outputs. Black and blank circles
denote the look-up tables (LUTs). F;_; denotes the jth output at the ith level. Dashed circles and lines
denote the outputs and valid connections related to the calculation of Oy, respectively. This figure comes
from [75] and has been authorized by the author Francis C. M. Lau of this reference.

tree shown in Fig. 3.3 are denoted by blank circles. At the second level of the mirror tree, the
two inputs of each node consist of (i) the sibling of its symmetric node and (ii) the sibling of
the parent of its symmetric node. At the ¢ > 2 level of the mirror tree, the two inputs of each
node consist of (i) its parent node and (ii) the sibling of its symmetric node.

We can see that the latency of a C2V update with the tree structure shown in Fig. 3.3 is
related to the number of levels of the tree. When there are = inputs, the number of levels of
a balanced binary tree is [log, z]. As seen from the figure, the latency of a C2V update is
therefore 2([log, ] — 1)72, where 7, denotes the time of querying a LUT. Therefore, compared
with the traditional DP-LDPC codes, the percentage increase in the decoding latency of the new
DP-LDPC codes is given by

N 32, 2([logo wil — 1) = 33, 2([logo wh, 1 —1) _ 32,([logy wi] — [log, wfﬂ)’

> 2([logyw), ] — 1) > Mogyw) ] —1
3.8)

where wg and w§0 denote the jth row weight of B; and B, respectively. Similar to the analysis

on the source encoder complexity, the complexity of the check-node-processor depends on the
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Table 3.1: The channel thresholds (E,/Ng)i, (dB) of BY%4 in (3.9) for different x; and x5 values. The
Shannon limit is —7.0 dB.

T 0 0 0 0 1 2 3
T 1 2 3 0 0 0 0
(Es/No)wn (dB) || —5.267 | —5.204 | —5.049 || —5.127 || —4.819 | —4.526 | —4.273

CN with the highest degree. For 14 V2C inputs shown in Fig. 3.3, we need 3(14 — 2) = 36
LUTSs to implement a C2V update. When the highest row degree is z, there are (z — 2) LUTs
in a balanced binary tree and « + (z — 4) LUTSs in its mirrored binary tree. So, we need a total

of 3(x — 2) LUTs.

3.3 Results and discussions

3.3.1 Optimized codes and their error performance

Example #1: We consider the DP-LDPC code in [37, Eq. (16)] which is designed at p; = 0.04.

We denote it by By = B*%(z; = 2, = 0), where B®* is given as

B=|0000[/101 2 2 (3.9)

For B}, m, = 2,n, = 4,m. = 3,n. = 5 and the last VN in the channel protograph is
punctured. The overall symbol code rate of this DP-LDPC code is evaluated by R = R,R. = 1,
where R, = n,/m; is the source compression rate, R. = m,/(n. — n,) denotes the channel
code rate, and n, denotes the number of punctured VNs in the channel protograph. By using
the JP-EXIT algorithm [33,35,37] introduced in Section 2.2.3, the channel threshold of Bg'04 is
found to be —5.127 dB.

In this chapter, we assume the maximum entry value of a code is 3 to limit the search-
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Figure 3.4: SSER performance comparison for By* and B}%%; when R = 1, p; = 0.04, and N, =
z1zons = 4 - 800 - 4 = 12800. The Shannon limit is —7.00 dB.

ing space. To construct a new DP-LDPC code based on B}**, we consider all possible lower

1 T2
and upper triangular structures of , and evaluate the channel thresholds of the cor-

T 1

responding codes. We can see from Table 3.1 that when ;1 = 0 and x5 = 1, B%% has the

lowest channel threshold. We denote this optimized code by B‘}g‘;ﬂ =Bz, = 0,2, = 1).

The channel threshold of B}?', is found to be —5.267 dB, which is 0.140 dB lower than the
threshold of B9-04. We also run simulations and record the source symbol error rate (SSER) of
the code. For all the simulation results in this chapter, we set the maximum number of decoding
iterations to I, = 200. The simulation will be terminated if (i) more than 2 x 10° frames have

been simulated or (ii) more than 100 error frames have been found and no less than 5000 frames

have been simulated. Figure 3.4 shows the simulated results for B}** and BJ?! . We can see

that at an SSER of 107¢, B(J);gf;ﬂ outperforms B}%* by about 0.25 dB.

Example #2: ! We consider two DP-LDPCs B! and B} in [35, Table I] which are designed

for p; = 0.01 and R = 2. For B3, the source base matrix B3, and channel base matrix

'We swap the fourth and fifth columns of the SCCV linking matrices of B}’ and BJ,’! in [35, Table I] to
obtain an identity matrix. Correspondingly, the fourth and fifth columns of the channel base matrices of these two
codes are also swapped.
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Table 3.2: The channel thresholds (Es/Ny)t, of DP-LDPCs. R = 2 and p; = 0.01. The Shannon limit
is —12.02 dB.

0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
BJ3 BJS,optl BJ3,0pt2 BJS,optS BJ4 BJ4,opt1 BJ4,opt2 BJ4,opt3

(Es/No)wn (dB) | —9.324 | —9.555 | —9.680 | —9.734 || —9.390 | —9.616 | —9.722 | —9.744

B!, are given by

(ng?_ls— 11213131 |
12121212
10030 : (3.10)
Byl =01 112
01121

\

For BY;!, the source base matrix BJ;", and channel base matrix B}, are given by

13940_15:21213131;
12121313
L0030 . G.11)
Bl =] 01111
\ 01121

For both Bg’??l and Bgfl, ms = 2,ng = 8, m. = 3,n. = 5 and n, = 1. The punctured VN

corresponds to the fourth VN in the channel protograph. Their SCCV linking base matrices are

both Bgéo—lsccv = Bg40—15‘.CCV - Bgccc]\lf ('rl = T2 = O)’ where
000 1 =z
BLY = - (3.12)
000 = 1

Using the same method as in Example #1, we find three cases, i.e., B22L (7, = 1,2, = 0),

SCCV

BYY! (21 = 2,25 = 0), and B2% (2, = 3,25 = 0), for which the constructed codes have lower

sccv

channel thresholds than the original ones. We further denote the corresponding new DP-LDPC
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Figure 3.5: SSER performance of Bg'gol (solid line) and Bgfl (dashed line) and their corresponding new
DP-LDPC codes. R = 2, p; = 0.01, and Ny, = z129ns = 4 - 400 - 8 = 12800. The Shannon limit is
—12.02 dB.

codes by B}y, BY3(54) opto> and BYsih, respectively. In Table 3.2, we can see that

_optl» _opt3?

the new class of DP-LDPC codes has better thresholds compared with the original ones. For
example, the channel threshold of ngi})ptg is 0.41 dB lower than that of BJ;"; and the channel
threshold of Bj} 5 is 0.354 dB lower than that of B}

The simulated SSERs in Fig. 3.5 show that the new class of DP-LDPC codes outperforms
the original DP-LDPC codes. The SSER results are also consistent with the channel threshold

results shown in Table 3.2. For example, in terms of SSER, Byy"\ ; outperforms BJ3”;, . which

outperforms ng{})pﬂ, which in turn outperforms BJ;". When comparing the channel thresholds,

BIy s < Blseps < BJgep < BJ3'. In particular, B! 5 and BJ;! 4 have around 0.5 dB
coding gains over Bjy' and B}, respectively, at an SSER of 107,

Example #3: We design a traditional DP-LDPC code based on p; = 0.14 and then optimize
the code using our proposed technique. We reduce the source compression rate to adapt to the
increased p;. We assume a source compression rate of R, = 5/4 and an overall symbol rate

R = 1. Thus, the channel code rate is R. = R/Rs = 4/5. We set mg and ng to 4 and 5,

respectively. For a good channel code, m, should have a minimum value of 3. Here, we set
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Figure 3.6: SSER performance of Bg'jﬁ‘g

8000. The Shannon limit is —2.05 dB.

and BS {1 . R =1,p1 = 0.14, and N, = z129n, = 4-400-5 =
m. = 3. To match the required channel code rate, we set n, = 7 and n,, = 2, i.e., there are 2

punctured VNs in the channel code. Using the differential evolution (DE) method introduced in

Section 2.5, we obtain a traditional DP-LDPC code By1?, = B%!(z; = 0 Vi), where

Joorg
10010/000 1 0 0 0
110110002 1 0 0
01 111/000 2 24 1 0

B*™=100101/000 23 25 26 1 |- (3.13)
0000O0[100T1 0 1 1
0000O0[010 2 0 1 1
0000O0[013 1 2 01

Two VNs with the highest degrees are punctured, i.e., the (n, + 4)-th VN and the (ns + 7)-th

VN in B9 . The channel threshold of B%'% is —0.653 dB while the Shannon limit is —2.05

Joorg* J-org

dB at p; = 0.14.

Next, we optimize Bg‘ﬁg by replacing the identity matrix in the SCCV linking matrix with a
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lower or upper triangular base matrix. Here, we only consider the lower triangular base matrix

to reduce the searching complexity. Using the same DE method mentioned above, we obtain

a new DP-LDPC code B} [}, = B"'"(z; = 23 = 1,20 = 24 = x5 = 16 = 0). Its channel
threshold is —0.840 dB, which is 0.187 dB lower than that of B !} . In Fig. 3.6, we can see that
Bgf)‘ét outperforms ngﬁg by about 0.2 dB at an SSER of 107.

3.3.2 Complexity and latency:

The following are the complexity and latency comparisons between new DP-LDPC codes and
traditional DP-LDPC codes based on Example #1 to Example #3.
In Example #1, B} is modified to Bg;?éﬂ. The largest row weight of (B B.y) is 7 while

that of (B, B!

SCcv

) is 8. The percentage increase in the number of Xor gates used in source
encoding therefore equals Ay, = [(8 —2) — (7 — 2)]/(7 — 2) = 20%. However, there is no
change in the source encoding latency because ([log,(8 —1)] — [log,(7—1)]) = 0. The largest
row weight of B} is 7 while that of B}% , is 8. The percentage increase in the number of
LUTSs used in C2V updates equals (3 - (8 —2) —3-(7—2))/(3- (7 — 2)) = 20%. However,
there is no change in the decoding latency because ([log, 8| — [log, 7]) = 0.

In Example #2, we consider the case when By} is modified to B}, 5. The largest row

weight of (B, By, ) is 15 while that of (B B,

Sccv

) is 18. The percentage increase in the number
of Xor gates used in source encoding therefore equals Ay, = [(18 —2) — (15 —2)]/(15—2) =

23.1%. Moreover, the percentage increase in the source encoding latency equals

([log,(18 — 1)] + [log,(15 — 1)]) — ([logy(15 — )] + [logy(15 = DI) _ 1, o
[logy(15 — 1)] + [logy(15 — 1)] o

Alatency =

(3.14)
The largest row weight of B} is 15 while that of B} ., is 18. The percentage increase in the
number of LUTs used in C2V updates equals (3% (18 —2) —3x(15—2)) /(3% (15—2)) = 23.1%.

Moreover, the percentage increase in the decoding latency equals

([ogy(18)] + og,(15)]) — (2 [log,(15)]) -
2. ((10g2(15ﬂ — 1) +2. ([]0g2(4 ‘I _ 1)‘| T [10g2(5)-‘ 1" 10%. (3.15)

Alatoncy,dcc -
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In Example #3, we consider the case when By [} is modified to Bj,. The largest row

weight of (B; Bycy) is 5 while that of (B, B,

sccv

) is 6. The percentage increase in the number of
Xor gates used in source encoding therefore equals Ay, = [(6—2) —(5—2)]/(5—2) = 33.3%.
Moreover, the percentage increase in the source encoding latency equals

A  ([logy(3 = )] + ogy(6 — 1)] + [logy(5 — )] + [logy(4 — 1)]) — (2 [logy(3 — 1)] +2 - [log,(5 — 1)])
fatency = 2 Tlogy(3 — 1)] +2 - [logy(5 — 1)]

= 33.3%. (3.16)

The largest row weights of Bgﬁg and Bgfét are both 8. Therefore, there is no change in the

number of LUTs used in C2V updates. Moreover, the percentage increase in the decoding
latency equals

([logy(3)] + [logy(6)] + [logy(5) ] + [logy(4)]) — (2 - [logy(3)] + 2 - [logy(5)])
2 ([logy(3)] = 1) + 2 ([logy(5)] — 1) + ([logy(4)] — 1) + ([logy(5) | — 1) + ([logy(8)] — 1)
=0.

(3.17)

Table 3.3 shows the complexity and latency increase of the new DP-LDPC codes compared
with the traditional ones. Even though the percentage increase in the source encoding com-
plexity may seem large, the increase in the overall encoder complexity (when considering both

source encoding and channel encoding) is much lower.

Table 3.3: Comparison of complexity and latency between the new DP-LDPC codes and the traditional
DP-LDPC codes.

0.04 0.04 0.01 00T 014 014
Code B(LOptl vs Bj BJ470pt3 vs B~ | By, ot VS B

o J_or
Complexity increase in source encoding 20% 23.1% 33.3% :
Alatency,source 0 125% 333%
Complexity increase in decoding 20% 23.1% 0
Alatency,dec 0 10% 0

3.3.3 Summary of code design rule

We investigate different node-puncturing combinations in the DP-LDPC codes presented in
Example #1 to Example #3.

In Example #1, the fifth variable node (VN) in the channel code is punctured, i.e., the ninth
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Table 3.4: The channel thresholds (E;/Ng)¢p, (dB) of BY% in (3.9) for different z; and x5 values and
the eighth VN is punctured.

21 (punctured node) 0 0 0 0 1 2 3
x9 (non-punctured node) 1 2 3 0 0 0 0
(Es/Ny)en (dB) —4.977 | —4.870 | —4.744 || —5.031 || —5.074 | —4.845 | —4.546

Table 3.5: The channel thresholds (Es /Ny )i, (dB) of ngol in (3.10) for different 1 and x5 values when
the fifth VN in its channel protomatrix is punctured.

21 (non-punctured node) 0 0 0 0 1 2 3
x9 (punctured node) 1 2 3 0 0 0 0
(Es/Ny)tn (dB) —9.394 | —9.288 | —9.043 || —9.079 || —9.048 | —9.018 | —8.972

Table 3.6: The channel thresholds (Es/Ny)t, (dB) of Bgfl in (3.11) for different x1 and x5 values when
the fifth VN in its channel protomatrix is punctured.

z1 (non-punctured node) 0 0 0 0 1 2 3
Zo (punctured node) 1 2 3 0 0 0 0
(Es/No)n (dB) —9.309 | —9.123 | —8.833 || —9.111 || —9.117 | —9.109 | —9.092

VN in B*™ (3.9) is punctured. Table 3.1 shows that B%% has the lowest channel threshold of
—5.267 dB when z; = 0 (non-punctured node) and x5 = 1 (punctured node).

Next, we suppose the eighth VN (instead of the ninth VN) in B®%* is punctured. Table 3.4
shows the channel thresholds of B! when the eighth VN is punctured, for different z; and
x5 values. We can see that B%%* has the lowest channel threshold of —5.074 dB when z; = 1
(punctured node) and x5 = 0 (non-punctured node).

In Example #2, the fourth VNs in the channel protomatrices of BJ;! (3.10) and BY;" (3.11)
are punctured. Table 3.2 shows that new codes with the lower channel thresholds can be ob-
tained when x; = 1, 2, or 3 (punctured node) and z» = 0 (non-punctured node).

Next, we suppose the fifth VNs (instead of the fourth VNs) in the channel protomatrices
of (3.10) and (3.11) are punctured. Table 3.5 and Table 3.6 show the channel thresholds of
B! and B}, respectively, for different z; and x5 values when the fifth VNs in their channel
protomatrices are punctured. We can see from both tables that the new codes achieve the lowest
channel thresholds when z; = 0 (non-punctured node) and 2 = 1 (punctured node). These
achievable thresholds are lower than those where x; = x5 = 0 (the original codes).

In Example #3, for B*'* (3.13), the ninth and twelfth VNs are punctured. By using a
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differential evolution (DE) method, a new code (1 = 23 = land 2y = x4 = x5 = 2 = 0)
with a channel threshold 0.187 dB lower than the original one is obtained. We consider the
puncturing of the ninth and twelfth VNs as “Case 17 and list the thresholds in Table 3.7.

Next, we select two VNs among the ninth VN to twelfth VN in B’!* to be punctured, and
we consider all different puncturing combinations. Then we use the DE method to search z;
(¢ =1,2,...,6) and find a new code with a lower channel threshold. Table 3.7 lists the channel
thresholds of the original codes Bg'r1g4 (z; = 0 V1) with different combinations of punctured VNs.
The table also lists the new codes and the corresponding thresholds. Six cases in Table 3.7 are

discussed as follows.

Table 3.7: The channel thresholds (E;/Ny)1, (dB) of B for different z; (z; = 1,2, ..., 6) values and
different puncturing combinations.

Indexes of
punctured VNs Codes x; values (Es/No)tn (dB)
B0 2, =0Vi —0.653
Case 1 (This result has 0.14 x1 = x3 = 1 (punctured VN), _
been shown in Example #3) 9,12 Bosio ;=00 =2,4,5,6) 0.840
B r;=0Vi 0.433
r1 = T = x3 = 1 (punctured VN),
Case 2 9,10 Bl x5 = 1 (punctured VN), —0.225
x; =01 =4,6)
B)..5 r;=0Vi —0.459
z1 = x3 = 1 (punctured VN),
Case 3 9,11 BY. z6 = 1 (punctured VN), —0.770
;=00 =2,4,5)
Bl.5 z; =0Vi 0.623
0.14 x4 = x5 = 1 (punctured VN), B
Case 4 10,11 B3 2= 06 =1,2.3.6) 0.012
Bg-rlgi x; =0Vi 0.622
0.14 x4 = x5 = 1 (punctured VN),
Case 5 10,12 B, 2= 0(i=12.3.6) 0.054
B..: 2, =0Vi —0.402
0.14 z¢ = 1 (punctured VN), B
Case 6 11,12 B,s 2i=0G =125 0.466

1. Case 1: The ninth and twelfth VNs are punctured. This puncturing method has been
presented in Example #3. The newly constructed code is B"!*, where 2; = 23 = 1 and

Ty = x4 = x5 = 6 = 0, denoted by B_:( here. It has a channel threshold 0.187 dB

0.14

lower than its corresponding original code B, .
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2. Case 2: The ninth and tenth VNs are punctured. The newly constructed code is B!,
where r1 = 29 = 3 = x5 = 1 and x4 = z¢ = 0, denoted by Bg;ﬁ. It has a channel

threshold 0.658 dB lower than its corresponding original code ngﬁ.

3. Case 3: The ninth and eleventh VNs are punctured. The newly constructed code is B*'4,

0.14

opt2- 1t has a channel

where r1 = 23 = 26 = 1 and x5 = 24 = x5 = 0, denoted by B

threshold 0.311 dB lower than its corresponding original code Bg'rlg‘é.

4. Case 4: The tenth and eleventh VNs are punctured. The newly constructed code is B%**,
where 7, = 25 = 1 and 21 = x5 = 23 = x5 = 0, denoted by B, It has a channel

threshold 0.635 dB lower than its corresponding original code Bg'rlg%.

5. Case 5: The tenth and twelfth VNs are punctured. The newly constructed code is B*'*,

0.14

opt4- 1t has a channel

where v4 = 25 = 1 and 1 = 23 = 23 = 26 = 0, denoted by B

threshold of 0.568 dB lower than its corresponding original code Bl,.;.

6. Case 6: The eleventh and twelfth VNs are punctured. The newly constructed code is

B*! where z5 = 1 and 21 = x5 = 23 = 24 = x5 = 0, denoted by B).\%. It has a channel

0.14
orgh*

threshold of 0.064 dB lower than its corresponding original code B
To summarize, entries corresponding to the punctured VNs are prefered to be considered when
optimizing our code design based on traditional ones. In all cases, our code designs can achieve

channel thresholds lower than those of the original codes.

3.4 Conclusion

In this chapter, we have proposed a new class of DP-LDPC codes, which replaces the identity
matrix in the source-check-channel-variable (SCCV) linking matrix of a traditional DP-LDPC
code with a lower or upper triangular matrix. Both theoretical and simulation results have
demonstrated the superiority of the proposed DP-LDPC codes over the traditional ones. In the
next chapter, we propose a new class of spatially coupled DP-LDPC codes for further perfor-

mance improvement motivated by the superiority of SC-LDPC codes over LDPC block codes.



Chapter 4

New type of spatially coupled DP-LDPC

codes

For the joint source-channel coding system based on DP-LDPC codes, two protograph-based
LDPC codes are concatenated. In [47], two spatially coupled LDPC (SC-LDPC) codes are
concatenated by an identity matrix for the JSCC system and a sliding window joint source-
channel decoder is exploited. Better error performance is achieved for concatenated SC-LDPC
codes compared with DP-LDPC block codes. Motivated by the result that spatially coupling
the codes can improve the error performance, we propose a joint source-channel coding scheme
that two SC-LDPC codes are spatially coupled [76]. Specifically, the parity-check matrices of
two SC-LDPC codes are connected by a spatially-coupled SCCV linking matrix. By doing this,
the flexibility of the code design is increased. Moreover, the correlation between codewords
generated at different times is increased. The current compressed source symbols are not only
related to the previous source symbols, but also related to the previously generated channel
codewords due to the spatially coupled structure of the SCCV linking protomatrix. We call the
proposed code “spatially-coupled double-protograph-based LDPC joint source-channel code”
(SC-DP-LDPC JSCC), or just SC-DP-LDPC code for short.

We introduce two types of SC-DP-LDPC codes. The first one is SC-DP-LDPC terminated

code and its protomatrix is given by Brp in Fig. 4.1. Referring to the figure, my and mq,

56
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B o JH e IBSSSY JTHESSY,
BT])/CC/HTI)/CC:( TD/CL{) To/ccBTD cc/ TD/L(,)

‘B'Ci'D/cc/H'CrD/cc
______ S0 St SLe—1_ ... C_ ... ¢ i Crg- CL+mo—1
/E Biu /HSU Bscrvu /Hsrcvo
UB,/Hy, 1 ! Bacevo/Hacev
Borg Mgt o Becovr, Mucovn el
By Moy - Bro/Hg Becosy [Mocorny - Bocowo/Hicens
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— - B.,/He,
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B, /He,,
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Figure 4.1: Protomatrix and parity-check matrix of proposed SC-DP-LDPC terminated codes are denoted
by Btp and Hpp, respectively. When L and L. are infinite, the protomatrix and parity-check matrix of
SC-DP-LDPC convolutional code are denoted by Bcc and He o, respectively.

respectively, represent the syndrome former memories of the source and channel SC-P-LDPC
codes. Moreover, L; and L. denote the coupling lengths of the source SC-P-LDPC code and
the channel SC-P-LDPC code, respectively. When both L, and L. tend to infinity, the SC-DP-
LDPC terminated code becomes the SC-DP-LDPC convolutional code (SC-DP-LDPC-CC),
whose protomatrix is denoted by B¢c.

In B, or B¢, the sub-base matrices B, (: = 0,1,...,mp) and B., ( =0,1,...,m;) can,
respectively, be constructed from the source and channel protomatrices of a DP-LDPC block

code, e.g., from B and B, in B; (3.1). Moreover, they should satisfy [70]

Y B. = B. and - B. = B, 4.1

where B, = (Tmc Bmcxms> , Bin.xm. 18 a base matrix of size m. x mg, and T,,_ denotes a
lower or upper triangular protomatrix of size m,. X m, such that linear encoding can be imple-
mented. We assume the sizes of B;, (1 = 0,1,...,mp) and B, (¢ = 0,1,...,m;) are my X ng

and m. X n., respectively.
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Moreover, the sub-base matrices B, and B, are coupled by the SC-SCCV linking (proto)matrix,
which consists of component base matrices By, (2 = 0,1, ..., m9) of size ms X n.. Here my
denotes the syndrome former memory of the SC-SCCV linking matrix. We assume that Bg..,
has the same structure as B. ., (i.e., = (() Tms)) so as to allow linear source compression.
Note that if T,,, = I,,,, and By, (: = 1,...,my) are all zero matrices, the proposed SC-DP-
LDPC code degenerates to the code in [47], i.e., the source SC-P-LDPC code and the channel
SC-P-LDPC code are concatenated. In general, however, By, (: = 1,...,mg) are not all
zero matrices, and the two SC-P-LDPC codes are not concatenated. It is because the genera-
tion of the current compressed symbols depends not only on current and previous input source
symbols, but also on previously generated channel codewords. (Details will be given in the
next subsection.) To design the sub-protomatrices By, (¢ = 1,...,m3), we apply the dif-
ferential evolution algorithm in this chapter. For the SC-DP-LDPC terminated code Btp, the
corresponding coupling length for the SC-SCCV “terminated protomatrix” is L, + my.

For the SC-DP-LDPC convolutional code B¢, its overall code rate R is the same as that

of the corresponding DP-LDPC block code, i.e.,

Rcoc = ng/(ne. — ny), (4.2)

where n,, is the number of punctured VNs in each B., (¢ = 0,1,...,m;); n, and n. are the
number of variable nodes in By, (¢ = 0,1,...,mp) and B, (: = 0,1, ..., m;), respectively. For

the SC-DP-LDPC terminated code Brp, its overall code rate is given by

Rrp =nsLs/(Le(n. —nyp)) = Ls/L.Rec. (4.3)

To construct a parity-check matrix from the protomatrix, we can lift the protomatrix twice with
lifting factors z; and z», respectively. The overall lifting factor equals z = z;2,. Referring to
Fig. 4.1, the parity-check matrix generated based on Brp is denoted as Hrp. Similarly, Bee

becomes H¢ after lifting.
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4.1 Encoder

We assume a binary independent and identically distributed Bernoulli source and the probability
of “1” in the source is denoted by p;. We assume my = m; = ms for a simple explanation.
Attime t (= 0,1,2,...), the source sequence of size 1 X nz (z is the overall lifting factor) is
denoted by s;. The compressed source sequence of size 1 X myz is denoted by ¢, at time ¢. The
parity-check bit sequence of size 1 x m.z for the channel encoder is denoted by p, at time ¢.

The channel codeword sequence of size 1 X n.z is denoted by v, at time ¢.

1. Att = 0, we generate the codeword v, based on the input s and the parity-check matrix

So Vo = [Po Co]

Z1
HS() Omszlz'Qchzlz'Q "_[‘mS Y (44)

H

€0

where Hy, is on the 1-st row of Hy.,/H¢ - in Fig. 4.1; H,, is on the 1-st row of Hp/H¢ s

and [0, 2, 20 xmezy 2 Hfﬁm] = Hicey, is on the 1-st row of HYE THES . O,z 2o xmezy 2z 18

a zero matrix of size mg 2129 X M.2129. H% of size mgz; X M2y 1s the quasi-cyclic

(QC) parity-check matrix obtained by lifting T,,, in Becey, = [Om.xm, Tm.] by 2 = 21 22.
scev

By, here is on the 1-st row of B /BTy in Fig. 4.1. First, ¢ is computed based on s

and (Hg, | Opn,z 25 xmez 2o HY ). Then pg is computed based on ¢y and H,.

s

2. At 0 <t < my, the source sequence s; is input into the encoder. v; is generated based on

the known sy, ..., s; and vy, . .., v, and the following parity-check matrix
So 81 8| Vo v | ve=[py ci]
Hst T Hs1 Hso Hsccvt e HSCCV1 Omszlzzxmczlzg Hf[‘lms ’ (45)

€0

H, --- H, H

where Hg, and H., (: = 0, 1, ...,t) are on the (¢ + 1)-th row of Hyp/H¢, and Hyp/H (.,

respectively, in Fig. 4.1; and Hgeey, (i = 1,. .., 1) and Hyeevy = [Oimzy 2o xmez 2o Hp ] are

mg
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on the (¢ + 1)-th row of HY ) /HEE . We first obtain the compressed source symbols ¢;
using the linear encoding method. Then we generate p; based on (H, - -- H, | H.,) and

the inputs consisting of v, ..., v;_1 and ¢;.

3.AtE > mg (myg < t < Lg — 1 for the SC-DP-LDPC terminated code), the source
sequence s, is input into the encoder. v, is generated based on the known s;_,,, ..., S;

and v, . . ., v;—1 and the following parity-check matrix

St—mog """ St—1 St | Ui—myg SR Ve | Uy = [Pt Ct]

21
Oz 20 xmezr 2 T ’

H H,, H,,

HsccvmO e Hsccv1

SmO

HC’HLO HC 1 HCO

(4.6)
where Hy, and H, (i = 0, 1, ..., my) are on the (¢ + 1)-th row of H.p/H¢ and H . /H ¢,
respectively, in Fig. 4.1; and Hyeey, (i = 1,...,mg) and Hycevy = [Om.zy 20 ximezy 2o H%m]
are on the (¢ + 1)-th row of HY /HEE . We first obtain the compressed source symbols
c; using the linear encoding method. Then we generate p; based on (H - H, | He,)

Cmq

and the inputs consisting of v;_,,, . .., v;—1 and ¢;.

4. When the SC-DP-LDPC code is terminated, its protomatrix Brp is shown in Fig. 4.2 on

the next page. Att = L, — 1, the last source block s, is input into the encoder.

(a) Firstly, we generate vy, based on the known S _,0—1, ..., SL,—1, VL,—1—mys -

vr, 2, and the (lifted version of) the following base matrix

Srps—mo—1 -+ SLg—1 | VL,—mp—1 ... Vp,—2 | VL,—1
Bsm0 Bso Bsccvm2 cee Bsccv1 Bsccvo ) (47)
B, B, B,
where B, B, and By, (¢ = 0,1,...,mg; my = m; = my) are, respectively, on

the L4-th row of the source SC-LDPC protomatrix, the channel SC-LDPC protoma-

trix and the SC-SCCYV linking protomatrix of Brp.
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Figure 4.2: The protomatrix of Brp.

(b) Secondly, without any new source input block, we continue to generate the channel
codewords vy, ..., V1 ym,—1. Specifically, we generate vy, _14; (J = 1,...,m0)
based on the known sy, 014, «es SL,—1, VL,—mo—14j» --» VL,—2+; and the follow-

ing base matrix

SLi—mo—1+j -+ SLi—1 | ULi—my-1+j -+ VL,-2+j | VL,—1+j
BsmO st Bsccvm2 Bsccv1 Bsccvo )
B.,., B, | B,

4.8)
where (Bsmo, s Bg)), Be, and Byeey, (0 = 0,...,m15 mg = my = my) are, re-

spectively, on the (L + j)-th row of the source SC-LDPC protomatrix, the channel
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SC-LDPC protomatrix and the SC-SCCV linking protomatrix of Brp.

(c) Thirdly, we refer to the channel SC-LDPC sub-protomatrix shown in the black frame
in Fig. 4.2 on the previous page. Lexira block columns are added after the block
column corresponding to vy, m,—1 (i.e., after the (Lg + my)-th block column of
the channel SC-LDPC protomatrix of Btp). Using this sub-protomatrix, the extra
channel codeword sequences Vi, ymg; VL, +mo+1s s VLs+mo+Lexira—1 (CONSisting of

mainly parity bits) are derived. As can be seen, this sub-protomatrix, i.e.,

VUros+mo—my -+ ULgtmo—1 | ULs4mg -+ VL1

B.,, B., | B,

, 4.9)

Co

B.

Bremaining -

1

B

Cmq

consists of Lgyira + M1 block rows and Ly, + m1 block columns. (Since the
last channel codeword sequence is also denoted by v;_ 1, we have L, + mg +
Lextra = Lc). To ensure that encoding could be performed based on Biemaining and
the known vr_ymo—my» VL.+mo—my+1s - - - UL.+mo—1, the number of parity-check
equations in Biemaining Should be no more than the number of variable nodes in

VLs+mo> VLs+mo+1s - > ULstmotLextra—15 1-€+5

mc(Lextra + ml) — Mall-zero < ncLextraa (410)

where mi1.ero denotes the number of all-zero rows in Bemaining. In other words,

Leyira should be the smallest integer selected such that (4.10) is satisfied.
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The first ng VNs are decoded in the window

Source
SC-PLDPC

SC-SCCV

Channel
SC-PLDPC

The first n, VNs are decoded in the window

Figure 4.3: Protograph of SC-DP-LDPC codes when mo = m; = mg =1 and w = 3.
4.2 Sliding window joint BP decoder

We apply a sliding window decoding, which is proposed in [47] and introduced in Section 2.4.2,
to our JSCC system and we use w to denote the window size. We refer to the sliding window
defined by the blue dashed frames in Fig. 4.1 (i.e., the blue dashed frame in Fig. 4.3). In this
window (and also other windows except the last one), w block columns and w block rows of
the source SC-LDPC parity-check matrix, the channel SC-LDPC parity-check matrix, and the
SC-SCCYV linking parity-check matrix are contained. The first nsz source symbols and the first
n.z channel codewords can be decoded by the joint BP algorithm introduced in Section 2.2.2.
In the next decoding timeslot, the window in Fig. 4.1 will slide to the right and downward,
i.e., moving from the blue dashed frames to the red dashed frames (i.e., moving the blue frame
in Fig. 4.3 to the orange frame), and so on. Moreover, all updated log-likelihood ratio (LLR)
messages and previously decoded source symbols and channel codewords would be used to
facilitate decoding the source symbols and channel codewords in this window.

For the SC-DP-LDPC terminated codes, the last window denoted by red frames in Fig. 4.2
contains the last w block columns and their connected rows of the source SC-DP-LDPC parity-
check matrix, the last w 4 m( block columns and their connected rows of the SC-SCCYV linking

parity-check matrix, and the last w + my + Laqq block columns and their connected rows of
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the channel SC-DP-LDPC parity-check matrix. In the last time slot, we decode all the source
symbols in the last window using the joint BP algorithm. Also, decoding in the last window
can be facilitated by previously decoded source symbols and channel codewords and messages
updated in the previous window denoted by the blue frames in Fig. 4.2. The decoding method
of the SC-DP-LDPC codes is similar to that of concatenated SC-LDPC code [47]. The main

difference between them is the structure of SCCV linking matrix in the window.

4.3 Threshold calculation

The source threshold and channel threshold for an SC-DP-LDPC code are calculated using a
window-based joint protograph-based extrinsic information transfer (JP-EXIT) algorithm sim-
ilar to that in [47]. We use p, and (Fs/Np)q, to denote the source threshold and the channel
threshold, respectively, where E; represents the average energy per source symbol and N, de-

notes the power spectral density of the additive white Gaussian noise (AWGN) channel.

So Bsccvo
BSl BSO BSCCV1 BSCCVO
BSm st BS BS BSCCVm cote BSCCV BSCCV
B, = : — : : ’ 4.11)
B.,
B., B,
BCm1 BCl Bco

We apply the protomatrix in a window to the algorithm. The protomatrix includes w block
rows and block columns of the source SC-LDPC protomatrix, the channel SC-LDPC protoma-
trix, and the SC-SCCYV linking protomatrix. For example, B, in (4.11) denotes the protomatrix
in a window when w = mg + 1 in the case of my = m; = ms. A channel threshold (E,/Ny)n

is defined as the smallest value of E/Ny which makes Ixpp(j) for the first n, source VNs and
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first n. channel VNs in the protomatrix in the window reaching “1” for a given p;. A source
threshold pyy, is defined as the largest value of p; which makes Iapp(j) for 7 = 1,2,... n

reaching “1” when the channel information is perfect, i.e, the noise is very small.

4.4 Optimization method

We use the differential evolution (DE) [29, 34, 73] (introduced in Section 2.5) to search the
source sub-protomatrices By, (is = 0,1, ...,mo) and the channel sub-protomatrices B, (i. =
0,1,...,m1) with low channel thresholds based on the window-based JP-EXIT algorithm. B,

(ts =0,1,...,mp) and B, (ic = 0,1,...,my) should satisfy the following conditions.

@) ZZio B,, = B, where B, denotes the source block code in a DP-LDPC block code B;
(3.1);

G S B.,. = B, where B, denotes the channel block code in a DP-LDPC block code B;

ic=0

(3.1);

(i11) The part of B., corresponding to the parity-check bits is a lower or upper triangular
protomatrix whose diagonal elements are all “1” and other non-zero elements are non-

negative integers.

We define the following parameters in the DE algorithm.

G as the number of generations;

D as the number of candidate matrices;

* D, as the mutation probability.

* p. as the crossover probability.

The search process is as follows.
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Step a)

Step b)

Step ¢)

Step d)

Initialization: Set the generation counter ¢ = (0. We randomly generate [ source sub-
protomatrices and channel sub-protomatrices at the g-th generation. They all satisty
conditions (i) to (iii). We use B! (is = 0,1,...,mg) and BY (ic = 0,1,...,m1) to

denote the d-th source sub-protomatrices and channel sub-protomatrices, respectively.

Mutation and Crossover: We generate the d-th (d = 1,2, ..., D) source sub-protomatrices

and channel sub-protomatrices by

(B Jmutat = O(BLL + pm(B2 —B2)), is = 0,1, ..., my,

Sig

(4.12)
(BY, Jmutat = OB + pm(BE — B )), ic = 0,1,...,my,

C

respectively, at the mutation step. The function ©(z) returns the integer by rounding
x’s absolute value. 7, r9, and r3 are randomly chosen from {1, 2, ..., D}. Moreover, we
should make sure the sub-protomatrices satify conditions (i) to (iii). Next, we imple-
ment the crossover operation. Entries in each sub-protomatrix group (B‘(‘{S /i ) mutat
(is = 0,1,..,mg; 2.c = 0,1,...,my) obtained after the mutation operation are chosen
with the probability of p. to replace values in the corresponding sub-protomatrix group
B‘sj/cis/c. The d-th sub-protomatrix group after the crossover operation is denoted by

(Bis)Crsvr (is = 0,1,..,mp) and (Bic)Crsvr (ic = 0,1,..,m;). We also need to make

sure this sub-protomatrix group satisfies conditions (i) to (iii).

Selection: Record the channel thresholds of the SC-DP-LDPC codes obtained after
the crossover operation. We compare them with the channel thresholds of Bis (1s =
0,1,...,mg)and BY, (ic =0,1,...,my;d = 1,2, .., D). If the threshold of the d-th sub-
protomatrix group obtained at Step b) is lower, the code group (Bis (s =0,1,...,mp)
and Bic (ic = 0,1, ...,mq)) is replaced with this group. After this selection operation,

D sub-protomatrix groups are obtained for the next generation and we set g = g + 1;

Repeat Step b) and Step ¢) until g = G.
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4.5 Results and analysis

In this section, we first construct some source SC-P-LDPC and channel SC-P-LDPC code pairs
from DP-LDPC block codes [74] proposed in Section 3.3 using the aforementioned differential
evolution (DE) algorithm. The parameters in DE are set as: G = 100, D = 100, p,, = 0.5,
and p. = 0.8. Then we design corresponding SC-SCCV linking matrices for these code pairs.
We run simulations and record the source symbol error rates (SSERs) of the codes. We set
the maximum (minimum) numbers of simulated frames to G ,.x (Gmin) for an SC-DP-LDPC
terminated code. The number of iterations performed within each window is [, = 100. At a
given E /Ny, the simulation is stopped and the SSER is recorded if (i) the number of simulated
frames has reached G .y, or (ii) the number of frames simulated is not smaller than G,,;, and
the number of error frames is at least 50. When comparing the SSER performance of SC-DP-
LDPC codes with that of DP-LDPC block codes, we assume that both decoders have the same
decoding latency, i.e., both the block decoder and the window decoder need to receive the same
number of channel inputs before starting the decoding process [47].

Example #1: We start with the DP-LDPC block code

oo [BBL
B ot = =1 000011020, (4.13)

0.04
Omc XNg BC

00 0O0|1 012 2

which is designed at p; = 0.04 in [/4] and has been presented in Section 3.3.1. Setting

mo = my; = 1, we construct the source sub-protomatrices Bg('JOA‘ and Bgi04 and channel sub-
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protomatrices B¢:** and BY:** for the SC-P-LDPC code pairs and obtain

oo _ 0111 g 1010 |

1100 1111

01010 10010 (4.14)
Bl"=100000]|:;BX=]11011

10011 00111

Moreover, VNs corresponding to the fourth column of the channel sub-protomatrices are punc-

004 0001O0

sccv T

tured. Supposing we use only the SCCV linking protomatrix
00011

BJ0.., to concatenate the source SC-P-LDPC code and the channel SC-P-LDPC code in (4.14),

we denote the corresponding SC-DP-LDPC code as B2

Next, we set my = 1 and window size w = 8, and use the DE algorithm to construct a
SC-SCCV linking matrix for the source SC-P-LDPC code and the channel SC-P-LDPC code in
(4.14). To reduce the searching complexity, each entry in the SC-SCCV linking protomatrix is

set to either “0” or “1”. The SC-SCCYV linking sub-protomatrices obtained are

00010 00010
B, = ; By, = : (4.15)

scevy scevg

10000 000171

and the corresponding SC-DP-LDPC code is denoted as B! . Furthermore, when the lower

10
is replaced by an identity matrix, i.e., , we denote the

01

BO.04

triangular base matrix in Bg .

corresponding SC-DP-LDPC code as B%%‘;w,

Table 4.1 shows the source thresholds and channel thresholds of the codes constructed
above, i.e., Bp', Brp, . and BR:p' . Moreover, the thresholds of some state-of-the-art DP-
LDPC block codes designed at p; = 0.04 are listed [34,36,37]. Asin [47], using a single SCCV
linking protomatrix to concatenate the source SC-P-LDPC code and the channel SC-P-LDPC

code lowers the channel threshold of the block code Bgﬁi‘)ﬂ [74] from —5.267 dB to —5.909 dB
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Table 4.1: Channel thresholds and source thresholds of different codes at p; = 0.04. For overall code
rates of 1.000 and 0.985, the corresponding Shannon limits are —7.00 dB and —7.01 dB, respectively.

0.04 0.04 0.04 0.04 (Bs1,Bc1) in | poptic B ewt
Code B, | Bro,,, | Bro | Biopu VT ) imptey | B B 156 able
w 8 8 8 Not applicable
(Es/No)en (dB) | —6.218 | —6.147 | —5.909 —5.267 —5.135 —5.127 —5.973
Dth 0.090 0.090 0.090 0.082 0.063 0.082 0.082
| B s
B w=8

new’

0.04  _
- BTD w=8

—— B0,04
J_optl

-e—(B ,B )

s1’
PN BoptLl
J

0.04
BJ*newl

SSER

Figure 4.4: SSER performance comparison between B%%‘iew, B3 - B2, and the state-of-the-art DP-

LDPC block codes at p; = 0.04 under the same decoding latency. Ly = 128, L. = 130, and z = 400
for SC-DP-LDPC codes. For DP-LDPC block codes, the lifting factors are all z = 3200. Overall code
rates of SC-DP-LDPC codes and DP-LDPC codes are 0.985 and 1.000, respectively.

(B}:2h. Moreover, by using the proposed spatially-coupled SCCV linking protomatrices, the
threshold can be further reduced to —6.147 dB (B ) and —6.218 dB (Bfp,,, ). Among
all the codes, the proposed SC-DP-LDPC code B%%‘iew achieves the lowest channel threshold
(—6.218 dB). In addition, all the SC-DP-LDPC codes i.e., Byp', Byp,,, and By, achieve
better (lower) channel thresholds and better (higher) source thresholds than the block codes.
Figure 4.4 plots the SSER performance of these codes under the same decoding latency.

To make a fair comparison, we set a large source coupling length, i.e., L, = 128, and a large

channel coupling length, i.e., L. = 130 for SC-DP-LDPC codes. Also, we set G, = 6000 and
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Ghmin = 200. We can see that our proposed SC-DP-LDPC code B!  shows the best SSER

performance over all E,/N;, values. In particular, at an SSER of 1079, B%%‘iew has gains of

about 0.08 dB, 0.20 dB, and 0.70 dB over By:p! . Byp)', and BYO,, [74], respectively. Byp,
also outperforms other state-of-the-art DP-LDPC block codes. The SSER results of the codes

are also consistent with the theoretical channel thresholds.

Example #2: Using the DP-LDPC block code

B0.0l B0.0l

S scecv

BYy s = ={oo0oo000000[10030 (4.16)
Omcxns B(C].Ol

designed at p; = 0.01 in [74] and presented in Section 3.3.1, we set my = m; = 1 and construct
the source sub-protomatrices B:”" and B:"" and the channel sub-protomatrices B:"" and BY:"!

cy ?

which are given by

o [0001 1021} o f11202110)
le_ 7Bso_ )
00011101 12110111
00000 10030 (4.17)
BX=100111|:B=]l01001
01020 00101

Moreover, VNs corresponding to the fourth column of the channel sub-protomatrices are punc-

00010
tured. When we use only the SCCV linking protomatrix B%?! — in

0003 1

BJy'L:s to concatenate the source and channel SC-P-LDPC code pair in (4.17), we denote the
corresponding SC-DP-LDPC code as By

Next, we set my = 1 and w = 8, and use the DE algorithm to construct a SC-SCCV
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Table 4.2: Channel thresholds and source thresholds of different codes at p; = 0.01. For overall code
rates of 2.000 and 1.969, the corresponding Shannon limits are —12.02 dB and —12.03 dB, respectively.

B op: By B}, B3" (3,12) (5,20)
0.01 0.01 0.01 J3_opt3 J3 J—new J2 ’ ’
Code | Brp,,, | Br,, | Bmw [74] | [35, Table I] | [36, Table II] | [77, Table IT] | &(3,6) [47] | &(3,6) [47]
w 8 8 8 Not applicable 16 16
(Eé('g‘)ﬁ“’ ~10.915 | —10.809 | —10.499 | —9.734 | —9.324 —9.725 ~10.050 —9.703 ~10.242
I 0031 | 0031 | 0031 | 0.028 0.028 0.028 0.028 0.031 0.036

linking matrix for the source and channel SC-P-LDPC code pair in (4.17). We obtain a new

SC-DP-LDPC code B%%lnew, whose SC-SCCYV linking sub-protomatrices are

00010 00010
0.01 0.01
Bsccv1 ) scevg (418)
00100 00011
10 . v i R0.01
When we use to replace the lower triangular base matrix in By, , we denote the
0 1

corresponding code as B}2' .
Table 4.2 compares the channel thresholds of B%%lnew, B}, B}Y, state-of-the-art DP-

LDPC block codes designed at p; = 0.01 [35,36,74,77], and concatenated SC-P-LDPC codes

0.01

proposed in [47]. We can see that By achieves the best (lowest) channel threshold among

0.01

all codes. In particular, By achieves a channel threshold which is 1.212 dB and 0.673 dB

lower than those of (3, 12)&(3, 6) and (5,20)&(3, 6) code pairs [47], respectively.

Figure 4.5 plots the SSER performance of SC-DP-LDPC codes and DP-LDPC block codes

0.01

under the same decoding latency. We can see that Bt has gains of about 0.15 dB, 0.20

dB, and 0.35 dB over By, By, and Byl .5 at an SSER of 1079, respectively. More-
over, B%%‘iew outperforms other DP-LDPC block codes [35,36,77]. The SSER results are also
consistent with the theoretical threshold given in Table 4.2.

for different w values. Con-

Table 4.3 shows the channel thresholds of BY)! and B}

sidering BOT'%‘;W

, the channel threshold is reduced from —5.949 dB to —6.218 dB (reduced by
0.269 dB) and then to —6.250 dB (reduced by another 0.032 dB) when w is increased from 6 to

8 and then to 10. The marginal reduction in channel threshold becomes very small when w is
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SSER

=10 9.8 -9.6 9.4 -9.2 -9 —8.8 -8.6 -8.4 -8.2 -8
EA\/N0
Figure 4.5: SSER performance of B%%lnew and state-of-the-art DP-LDPC block codes at p; = 0.01 under
the same decoding latency. Ls = 128, L. = 130, and z = 200 for SC-DP-LDPC codes. For all DP-
LDPC block codes, their lifting factors are z = 1600. Overall code rates of SC-DP-LDPC codes and
DP-LDPC codes are 1.969 and 2.000, respectively.

Table 4.3: Channel thresholds of B%%‘tew and B%%lnew. The Shannon limits equal —7.00 dB and —12.02
dB when (p; = 0.04, Rcc = 1) and (p; = 0.01, Rcc = 2), respectively.

Code = T
w 6 8 10 6 8 10
(Es/No)n (dB) | —5.949 | —6.218 | —6.250 | —10.855 | —10.915 | —10.930
0.01

increased from 8 to 10. The same observation is found for By, _ .

Figure 4.6 plots the error performance of B%%‘iew

and B%%lnew. To ensure that the number
of source symbols in a window remains the same under different combinations of w and =z,
we set (w = 6,z = 534), (w = 8,z = 400), and (w =

10,z = 320) for BYY! ; and

(w = 6,z = 268), (w = 8,z = 200), and (w = 10,z = 160) for B}}' . For B} and
B} ., they both yield the best overall error performance with w = 8, particularly in the high
E,/Ny region. Notably, their channel thresholds remain relatively stable after w is increased

to 8. Based on this observation, it can be concluded that to achieve the best combination of

w and z and obtain the best error performance, it is advisable to first determine the minimum
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0.01

== B]_D w=6

0.01
=== BTD‘

0.01

—e— By

w=8

w=10

SSER
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(b)
Figure 4.6: SSER performance of BOT'I%%IEW and B! for different w values and different 2 values when
p1 = 0.01 and p; = 0.04, respectively. We set L; = 128 and L. = 130. To obtain almost the same

number of source symbols in a window, we set: (a) z = 268, 200, 160 for B%%lnew when w = 6,8, 10,

respectively, at p; = 0.01; (b) z = 534,400, 320 for B%%iew when w = 6,8, 10, respectively, at

pP1 = 0.04.
value of w based on the condition that the channel threshold does not decrease significantly as
w increases. Once the minimum w is determined, the lifting factor is determined based on the

fixed code length in a window.
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Table 4.4: Channel thresholds of different codes at p; = 0.02. Shannon limit equals —9.21 dB.

3,12)&(3,6) | (5,20)&(3, 6
w 8 8 16 16
(E,/No)w (dB) | —8.273 | —8.210 | —7.617 —8.124

In Table 4.4, the channel thresholds of By, , By, and (3,12)&(3, 6) and (5,20)&(3, 6)
code pairs at p; = 0.02 are listed. Again, the proposed SC-DP-LDPC codes achieve the best
channel thresholds.

Figure 4.7 plots the SSER performance of these four codes at p; = 0.01 and p; = 0.02 under
the same decoding latency. We set L, = 13 and L. = 15 for B%%lnew and B%]O)lnewl, Ly = 26 and
L. = 30 for the (3,12)&(3, 6) code pair, and L; = 39 and L. = 45 for the (5, 20)&(3, 6) code
pair, to make sure they have the same code rate Rrp ~ 1.733. We also set G\, = 60000 and
Gumin = 500 in the simulations. We can see that at an SSER of 1075, B%%lnew has gains of about
0.20 dB and 0.18 dB over By, at p; = 0.01 and p; = 0.02, respectively. Byp,  has gains
of about 1.80 dB and 1.25 dB, respectively, over (3, 12)&(3,6) and (5, 20)&(3, 6) code pairs at
an SSER of 107% when p; = 0.01. It also has gains of about 1.20 dB and 0.95 dB, respectively,

over (3,12)&(3,6) and (5, 20)&(3, 6) code pairs at an SSER of 10~% when p; = 0.02.

4.6 Conclusions

We have proposed a novel JSCC scheme based on SC-DP-LDPC codes. The special fea-
ture of the proposed code is that the source spatially-coupled LDPC code and the channel
spatially-coupled LDPC code are linked by spatially-coupled SCCV connections. Theoretical
and simulation results show that the proposed codes are superior to the concatenated SC-P-
LDPC codes and state-of-the-art DP-LDPC block codes. Existing research on DP-LDPC-based
joint source-channel coding schemes has primarily concentrated on optimizing codes for low-
entropy sources. The proposed SC-DP-LDPC code and the proposed DP-LDPC code intro-
duced in Chapter 3 also focus on low-entropy sources (i.e., small p; values). It has been proved

in [29,49,50] and introduced in Chapter 2.2.4 that source thresholds can be improved by adding
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Figure 4.7: SSER performance of B%]%lnew, B} and concatenated SC-P-LDPC codes proposed in
[47] under the same decoding latency and the same code rate. Ly = 13, L. = 15, z = 200, and w = 8
for BYD, , and BYp! . Lg = 26, L. = 30, z = 200, and w = 16 for (3,12)&(3,6). L, = 39,
L. =45, z = 200, and w = 16 for (5, 20)&(3, 6).

a source-variable-channel-check (SVCC) linking matrix. With a high source threshold, a joint
source-channel coding system can handle high-entropy sources without the changing source

compression rate. In the next chapter, we propose two novel types of joint source-channel

codes that exhibit excellent error performance for both low-entropy and high-entropy sources.



Chapter 5

Novel DP-LDPC codes and SC-DP-LDPC

codes with SVCC connections

In this chapter, we propose a new type of joint source-channel block codes, where the source
VNs and channel CNs are connected for a high source threshold and the one-to-one connections
between source CNs and channel VN5 are replaced with the one-to-many connections (i.e., I,
is replaced with T,,,) for a good channel threshold. We construct some new joint source-
channel block codes for both low-entropy and high-entropy sources by considering both source
and channel thresholds. Theoretical analyses and simulation results both show the proposed
codes outperform state-of-the-art DP-LDPC codes for low-entropy and high-entropy sources.
Due to the outstanding performance of SC-DP-LDPC [76] over the DP-LDPC block code, we
also spatially couple the joint source-channel block codes and propose a new type of spatially
coupled joint source-channel codes (SC-JSCC).

The followings are our main contributions.

1. We propose a general structure of a joint source-channel block code (JSC-BC) and present
its encoding method. Based on the JP-EXIT algorithm, we provide a simplified algorithm
called untransmitted protograph-based extrinsic information transfer (UP-EXIT) algo-
rithm, which only includes source VNs and punctured VNs in the channel protograph in

calculating the source threshold of the code.

76
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2. We design some new JSC-BCs for sources with different entropies. To save searching
time, we impose some code design rules. We first search for candidate JSC-BCs with
high source thresholds by using our proposed UP-EXIT algorithm, and then select the
codes among those candidate codes with low channel thresholds by using the JP-EXIT
algorithm. By doing this, searching time is limited due to the small protomatrix used
in UP-EXIT. Simulation results and theoretical channel thresholds both show the new

JSC-BCs outperforming existing DP-LLDPC block codes.

3. We propose a new type of spatially-coupled joint source-channel code (SC-JSCC), present
its encoding method. and use the sliding window joint belief propagation (BP) decoding

algorithm to decode the SC-JSCC.

4. Based on the JSC-BCs, we construct some new SC-JSCCs. Theoretical analyses and er-
ror rate simulation results show that new SC-JSCC codes, whose source, channel, SCCYV,
and SVCC protomatrices all have spatially coupled structures, can have better error per-
formance than the proposed JSC-BCs and existing SC-DP-LDPC codes. Moreover, the
SC-JSCCs can obtain channel thresholds close to the Shannon limit for both low-entropy

and high-entropy sources.

The structure of this chapter is as follows. Section 5.1 shows the structure, the encoding
method, the protograph-based analysis method, and the design method of the proposed joint
source-channel block code (JSC-BC). In the same section, the thresholds and simulation results
of the newly constructed JSC-BCs are also presented. In Section 5.2, we introduce the structure
and encoding method of the proposed spatially coupled joint source-channel code (SC-JSCC).
Based on the JSC-BCs, we construct some SC-JSCCs. Some error performance comparison

results are also given. Finally, we give some concluding remarks in Section 5.3.
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Figure 5.1: Protograph representation of joint source-channel block code.
5.1 Protograph-based joint source-channel block code

Figure 5.1 illustrates the protograph of the proposed joint source-channel block code (JSC-BC).
Compared to Fig. 3.1 which represents the DP-LDPC JSCC system proposed in Section 3,
Figure 5.1 involves new connections between VNs in the source protograph and the CNs in the

channel protograph. Moreover, it can be denoted by a joint protomatrix, which is denoted by

BS Bsccv
BJnew = ) (51)
BSVCC BC
where
B = (Tms Omsmc> : (5.2)

B; of size m4xn, and B, of size m.xn,. are the source protomatrix and the channel protomatrix,
respectively. T,,. of size mg X my is a lower or upper triangular matrix with “1”’s on the
diagonal. By, of size m. X ng is the source-variable-channel-check (SVCC) linking base

matrix, which represents the blue connections in Fig. 5.1.
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5.1.1 Encoder

We lift the protomatrix B, to form a large low-density parity-check matrix with a quasi-
cyclic structure in two steps. Firstly, we lift B;_ __ with a relatively small lifting factor z; to
eliminate all entries with values larger than 1, thereby obtaining a matrix with only 0’s and 1’s,

which is denoted by

zZ1
21 Bs Tmsz1 Omszl XMe21

(5.3)

Jnew

B:!

svcc

21
Bc

Bz, B, T,,..,, and B2 . are the matrices obtained by lifting B, B., T,,,, and By in the
first lifting step, respectively.
Secondly, we lift B}' with a large lifting factor z; to obtain a large parity-check matrix

with a quasi-cyclic structure, which is denoted by

I—Is Hr Omszlzg XMc2122 5.4
H

H;, . contains (ms + m.)z; rows and (ns + n.)z; columns of sub-matrices. The submatrix
in the sth row and jth column is represented by I}Zlg’j , which denotes a circulant permutation
matrix (CPM) with size z5 X 2 obtained by cyclically right-shifting the identity matrix I, by
h; ; columns. The second lifting aims to maximize the girth (shortest cycle) of the resultant
parity-check matrix.

We use s to denote the source sequence of length 1 X Ny = 1 X ngz125. Entries in s are
“0” or “1”. The probability of “1” in s is denoted by p; and the probability of “0” given by

1 — py. The distribution of “0” and “1” in s follows a Bernoulli distribution. By using the same

linear source compression method introduced in Section 3.1 [74], we first obtain the compressed

Ilqw()n152122X7nczlz2 :> 7\Vllere
H, and Hr are, respectively, the parity-check matrices obtained by lifting BZ* and T, ., in the

source sequence u of length 1 x My = 1xmyz; 29 based on < H.

second lifting step.

Then we combine s and c as the input for the channel encoder. Next, we generate parity-
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SVCC svcce

check bits based on < H H. ), where Hg,.. and H,. are obtained by lifting BZ! . and
B, respectively. The parity-check bits and ¢ (except punctured nodes) are transmitted over the
channel. The overall code rate of a JSC-BC is R = n,/(n. — n,), where n,, denotes the number

of punctured VNs in B..

5.1.2 Calculation of Source Thresholds

In [32], a source protograph-based extrinsic information transfer (SPEXIT) algorithm is applied
to calculate the source threshold of a double protograph with no connections between VNs in
the source P-LDPC code and CNs in the channel P-LDPC code. In [29], a generalized source
protograph-based extrinsic information transfer (GSP-EXIT) algorithm does not consider the
case with punctured variable nodes. Thus both algorithms are not suitable for calculating the
source thresholds of the proposed JSC-BC. Here, we propose a general algorithm, called the
untransmitted protograph-based EXIT (UP-EXIT) algorithm, for calculating the source thresh-
old of the proposed JSC-BC. We denote the submatrix corresponding to the untransmitted VNs

(i.e., source VNs and punctured channel VNs) by B, i.e.,

BS Bgccv
B, = , (5.5)
BSVCC BE
p /
SCCvV SCCV
where denotes the first n,, columns of and corresponds to the n, punc-
B? B.

tured channel VNs. As shown in Fig. 5.1, we assume that the punctured VNs in the channel
protograph are located at the first n,, VNs of the channel protograph.

We define the following parameters.
o V={WV,Vs,...,V,.1n.} denotes the set of VNsin By, ;

oV = {W, Vo, ., Vnﬁnp} denotes the set of untransmitted VNs, i.e., source VNs and

punctured channel VNs;
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 C={C1,Cy,...,Chy.tm. } denotes the set of CNs;

* Ixvc(i,j) denotes the a priori mutual information (AMI) from the jth VN € V to the ith

CN;

* Ixnv,c(i,7) denotes the a priori mutual information (AMI) from the jth VN € V), to the
ith CN;

o I cv(i,7) denotes the AMI from the ith CN € C to the jth VN € V;

* Ig cv(i, ) denotes the extrinsic mutual information (EMI) from the ith CN € C to the jth

VN e V;
* I cv, (%, 7) denotes the AMI from the ith CN € C to the jth VN € V;;

* Ig v, (1, 7) denotes the extrinsic mutual information (EMI) from the ith CN € C to the

jth VN € V,;
* Igvc(i,j) denotes the EMI from the jth VN € V to the ith CN;
* Igv,c(7,7) denotes the EMI from the jth VN € V), to the ith CN;

* Iapp(j) denotes the MI between the a posteriori probability log-likelihood ratio (APP-

LLR) of the jth VN € V and its corresponding symbol.

We use py, to denote the source threshold, i.e., the maximum value of p; which allows Iapp(j)
(J = 1,2,...,ns + ny,) reaching “1” when the channel information is perfect.

The traditional joint protograph-based EXIT (JP-EXIT) algorithm [33] has been introduced
in Section 2.2.3. In evaluating the source thresholds of the JSC-BC, the channel information is
assumed to be perfect. In other words, we can assume that (i) Ix vc(i,5) = Igve(i,j) = 1
fori =1,2,...,mgs+me,j=ns+n,+1,n,+n,+2, ...,ns+n.and (ii) Iapp(j) = 1 for

Jj =ns+n,+1,...,n,+n.. Based on the above, (2.19) to (2.21) can be simplified. Specifically,
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we simplify (2.19) to

(

U(ei)JBsc ( > ey T Iaov, (7, 9)+
i i

(eiJ - 1)[J_1(]ACVu<i7j))]27pl>7
j=1,2,..n4 Vi,

(5.6)
Plei)d <\/§ € [T (Iacv, (7, 7))

Isv,c(i,5) =<

+(eij — 1)[J_1(IACVU(Z}J'))]2>,

J=ns+1, .. ,ng+ny; Vi,

because
1. 6%2.(j) =0 = ns+1,n, + 2, ...,ns + n,) for the punctured channel VNs; and
2. Ipve(i,j) =13G=1,2,...,ms +me,j =ns+n,+ 1,0 +n,+2,...,ns + n.) when
the channel information is perfect.

We also simplify (2.20) to

Iscv,(i,7) = ¥(ei ) (1 - J( Z e/ [T (1 = Iav,c(i, 7))

i’

+ei; — D1 = IAvuc(i,j))P)),

(5.7)

J=1,2,..n5+ny; Vi,

because

1. Igve(iyj) (G = ns +np + 1,...,ns + n. and Vi) are fixed to “1” when the channel
information is perfect, and hence Iy v (7, 7) (j = ns +n, + 1, ..., ng + n. and Vi) needs

not to be calculated;

2. 1 —1Iavc(i,j) =0 =ns +ny,+ 1,...,ns + n. and Vi) when the channel information

is perfect.
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Finally, we simplify (2.21) to

JBsc ( > €ij [T (I ov, (4, 9))]%, p1> ;

. J = 17 27 ceey N,
Inpp(j) = (5.8)
J(\/Z eijlJ~ (Iacv, (i,j))P),
\ J=ns+1, ... ,ng+ny,,
because Ixpp(j) =1 (j = ns +n, + 1,...,ns + n.) when the channel information is perfect.

Algorithm 3 shows the process of obtaining the source threshold py, by using the UP-
EXIT algorithm, which is relatively simple compared to the JP-EXIT algorithm. Using (5.6),
(5.7), (5.8) instead of (2.19), (2.20), and (2.21), respectively, the whole matrix B;,, used in
JP-EXIT can be reduced to B, for UP-EXIT (B, is the sub-protomatrix corresponding to the

untransmitted VNs).

Algorithm 3 UP-EXIT algorithm.

Given a sub-protomatrix B, shown in (5.5), set the maximum number of iterations /,,,, step

size p1, and tolerance value 6 (§ = 1079 in this thesis).
Set bg,e = true.
Use a sufficiently large p; < 0.5.
Start of UP-EXIT algorithm
while g, do
Set Ig v,c(i, 7)=Iacv, (4, j)=Is.cv, (i, 7)=Iav,c(i,7)= 0and Irpp(j) = 0,i = 1,2,...,ms+
Mme, j=1, 2, ..., ng +nyp.
Setl = 1.
while [ < [,,,,, do
Update MI from VNs to CNs by calculating (5.6).
Set I v,c(i,7) = Igv,c(i,7) Vi, j.
Update MI from CNs to VNs by calculating (5.7).

Set In ov,(2,7) = Ie.cv.(i,7) Vi, J.
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Next, calculate Iapp(j) by (5.8).
ifnsgp(l ~ Inpp(j)) < 0 then
S]e:tlpth = p1 and bg,, = false.
End of UP-EXIT algorithm
else
Setl =1+1.
end if
end while
if bg,, = true then
Setpr = p1 — p1.
end if

end while

5.1.3 Code Design and Results

In this section, we construct some JSC-BCs for low-entropy and high-entropy sources. Source
thresholds and channel thresholds can be calculated by using the UP-EXIT algorithm and JP-
EXIT algorithm in [33], respectively. The UP-EXIT algorithm requires the use of only the sub-
protomatrix corresponding to the untransmitted VNs; whereas the JP-EXIT algorithm requires
the use of the complete B;___ .

In designing and optimizing B, , we apply some existing design rules for DP-LDPC codes
[33,34,50] and fix the elements of some columns so as to restrict searching space and to reduce
searching time. As a result, we only need to design elements in columns corresponding to the
untransmitted VNs in Bj . Algorithm 4 shows our code design algorithm. Since the sub-
protomatrices used in UP-EXIT are small, it is easier and faster to find candidate codes with
high source thresholds in Step 1). Then we can find a code with a low channel threshold among
these codes in Step 2).

We compare the following four types of codes.
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Algorithm 4 Optimization of JSC-BCs

Step 1) Based on the UP-EXIT algorithm, we further use the differential evolution (DE)
algorithm [29] to find high-source-threshold sub-protomatrices corresponding to the
untransmitted VNs.

Step 2) Among the candidates found in Step 1), we perform the JP-EXIT algorithm to further
find the codes with low channel thresholds. Finally, we select the code with a low
channel threshold and a high source threshold.

/

BS Bsccv
i) Type-I: The proposed joint source-channel block code shownin (5.1),i.e., B; . =
BSVCCBC
where B, = (Tms ()msxmc) and Bg,.. 1s a non-zero protomatrix.
BS /sccv

i1) Type-1I: The DP-LDPC code B; = proposed in Section 3 and shown

OmcxnS ¢

in (31)’ where B/sccv = (Tms Oms ch) :

BS BSCCV
iii) Type-III: The DP-LDPC code B;, = introduced in Section 2.2 and

Omcxns Bc

shown in (2.4), where By, = (Ims OmSch) BY9 [35], B3Ol [36], and (Bg;,Be1)

J—new

in [34] are codes with structures as Bj.

. Bs Bsccv
iv) Type-IV: The DP-LDPC code B} = , Wwhere Byoow = L.. Op.xm.

B svcec B C

and By, is a non-zero protomatrix. This type of DP-LDPC codes has been introduced

new?2

in Section 2.2.4 and shown in (2.22). B [37], B3 . [36], (Bys, B ~°) [50], B,

and B, in [29], B?pti’g [37], and B9£)4ew2 [36] are codes with structures as Bj. Here, B

ot

denotes the code consisting of (25) and (26) in [29]; and (25) and (26) in [29] form By

BSCCV
and in Bj, respectively; and the first three VNs in the SVCC linking base matrix

B,
of B are of degree-2. Similarly, B, denotes the code consisting of (19) and (25) in [29];

sccv

B
and (19) and (25) in [29] form B, and of Bj, respectively; and the {1, 3, 5, 7}-th
B.
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VNs in the SVCC linking base matrix of B, are of degree-2.

5.1.3.1 Low-entropy sources

In this section, we design some codes for low-entropy sources.

Example #1: We consider the DP-LDPC block code

sccev

001 BS.Ol B0.0l
BJS,opt?) -

0.01
Bc

Omc XNg

1 1213131/10000
12121212/31000 (5.9)

=1 000

e}
e}
e}
[en}
o
w
(e}
—_
e}
jan)

000

o
)
)
o
o
—_
[\
o
—
—_

which is designed at p; = 0.01 [74] and proposed in Section 3.3. Firstly, we add connections
between VNs in B! and CNs in B%'. We apply the differential evolution (DE) algorithm [29]
(introduced in Section 2.5) based on the JP-EXIT algorithm to optimize these connections,
aiming at obtaining a code with a low channel threshold. Additionally, the code obtained should

have a higher source threshold than BYy’, ;. Subsequently, we obtain

0.01 0.01
optl Bs Bsccv
Jnew0.01

0.01 0.01
BSVCC BC

12121212[31000 |- (5.10)

Secondly, we optimize Bj__ using Algorithm 4. We aim to find a code with a high source
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threshold and a low channel threshold given p; = 0.01. We fix the elements corresponding to
the transmitted channel VNs in B, , which include a column with weight-1, two columns with
weight-2, and a column with weight-3. Additionally, one VN in By is assigned with weight-2.

Subsequently, we obtain

Bi%w=102z 2 2222 x|z 0 100/, (5.11)

where z’s denote the entries to be determined. As can be seen in (5.11), x’s are located in all
four sub-protomatrices (source protomatrix, channel protomatrix, SCCV linking protomatrix,
and SVCC linking protomatrix) of Bj, . The maximum value of x is set to 3. The first VN in
the channel code is the punctured VN and its degree should be the largest. As shown in [74],
the decoding complexity is related to the maximum row weight. (Unless otherwise stated, we
use the joint belief propagation algorithm [37], which has been introduced in Section 2.2.2, to
decode the JSC-BC codes.) Based on our observations of existing DP-LDPC codes designed at
p1 = 0.01, we set the maximum row weight to 16 as to maintain the same decoding complexity

as (5.9). By using Algorithm 4 to search for x’s in (5.11), we obtain

1333011010000

opt2
Jnew.0.01

=1 0032000030100 ]- (5.12)

ptl opt2
new.0.01” Jnew.0.01°

Table 5.1 lists the source and channel thresholds of B and state-of-the-art

DP-LDPC block codes designed at p; = 0.01 [35,36,74]. We can see that B‘ji’:zio_m achieves
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Table 5.1: Channel thresholds and source thresholds of different codes at p; = 0.01. Shannon limit
equals —12.02 dB.

optl opt2 0.01 ngol Bg.m
Code Bjrewoo | Blwoon || Bisopts [74] [35, Table I] | [36, Table II]
(E./NoJum (B) | —9.787 | —10.170 | —9.734 ~9.324 —9.725
Dih 0.041 0.084 0.028 0.028 0.028

e w0
—e— 5.0
—6— B [35]
>
-~

SSER

I I I
—-10 -9.8 —9.6 —9.4 —9.2 -9 —8.8 —8.6 -84 —8.2 -8

Figure 5.2: SSER performance comparison between Bf])ptl BoP* and state-of-the-art DP-LDPC

new.0.01 ~ Jnew.0.01’

block codes at p; = 0.01. The lifting factor is z = 2129 = 4 x 400 = 1600.

the lowest channel threshold and the highest source threshold among all codes. Figure 5.2 plots
the source symbol error rate (SSER) performance of these codes under different F;/Ny (in

dB). We can see that B‘ji’:i | has the best error performance among all codes. It has gains of

0.0

about 0.1 dB and 0.25 dB, respectively, over B*"" '~ and BJL ., [74] at an SSER of 107°.

new.0.01

optl
Jnew,()AO

_ also has better error performance than Bjy\ ;. The SSER results are consistent with

the theoretical channel thresholds given in Table 5.1.
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Example #2: We consider the code

B0.04 B0.04
S

SCccv

0.04 __
BJ,optl -

Omcxns

122 1[1 1000 (5.13)

which is designed at p; = 0.04 [74] and proposed in Section 3.3. Similar to Example #1, we

firstly add and optimize connections between VNs in B2-% and CNs in B%4 and obtain

optl
Jnew.0.04

122111000 |- (.14)

Secondly, we optimize Bj__ using Algorithm 4. We aim to find a code with a high source
threshold and a low channel threshold given p; = 0.04. Similar to Example #1, we fix the

elements corresponding to the transmitted channel VNs and the elements corresponding to one
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Table 5.2: Channel thresholds and source thresholds of different codes at p; = 0.04. The Shannon limit
equals —7.00 dB.

optl opt2 0.04 (le ’Bcl) iIl opti-4 (Bg.gﬁeWQ
Code BJneW,OA04 BJnew,O<04 BJfoptl [74] [34, Table 1] BJ [57] [36, Table 1]
(Es/No)en (dB) —5.202 | —5.880 —5.267 —5.135 —5.9568 —-5.729
Pth 0.137 0.217 0.082 0.063 0.137 0.129
source VN, and we obtain
1l 2z = 1 0O 0 0O
1l 2z z zlz 1 0 0 O
Bi% =102 2 2l 0 100 ] (5.15)

0z z z|z 0(1) 0 1 1

0 z z |z 1(0) 0 1 2

Based on our observations of existing DP-LDPC codes designed at p; = 0.04, we set the
maximum row weight to 8 as to maintain the same decoding complexity as (5.13). By using

Algorithm 4 to search for x’s in (5.15), we obtain

1 02 3/1000O0O0
111131000

opt2

B .=lo0o001(30100]: (5.16)

Table 5.2 lists the source and channel thresholds of B‘ji’:vlwm, Bf}i’zim, and state-of-the-art
DP-LDPC block codes designed at p; = 0.04 [34,36,37,74]. We can see that Bgi’:‘iﬁm achieves

the lowest channel threshold and the highest source threshold among all codes. Figure 5.3 plots

the SSER performance of these codes. We can see that Bf]"jfmm has the best error performance

among all codes. It has gains of about 0.1 dB and 0.3 dB, respectively, over B2 . [36]

and ngtu [37] at an SSER of 107%. Note that ng:vlv , has a worse error performance than

0.0
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—— B"™ [74]
1 optl

—6—(B_, B )[34]
0.04
—6— B, 136
—6— B [37)
optl
= B,
e 008
opt2
e B
e 008

SSER

Figure 5.3: SSER performance comparison between B?ptl BoP*2 and state-of-the-art DP-LDPC

new.0.04”  Jnew.0.04’

block codes at p; = 0.04. The lifting factor is z = 2129 = 4 x 800 = 3200.

BJ 0%, [74], which is consistent with its theoretical channel threshold being higher than that of
BYY%,,. The results indicate that by directly adding a non-zero SVCC linking base matrix to
an existing DP-LDPC code, the channel threshold and error performance of the resultant code

may become worse even though its source threshold becomes higher.

5.1.3.2 High-entropy sources

In this section, we design some codes for high-entropy sources.
Example #3: According to Shannon’s coding theory, RH (p;) < 1, where R = ns/(n. —n,) is
the overall code rate and H (p;) = —p; log, p1 —(1—p1) log,(1—p;1 ) is the source entropy. When

H(py) is relatively large, R needs to be relatively small. In this section, we set p; = 0.10,0.20
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and R = 1. Firstly, we optimize the SVCC linking base matrix based on (5.13) and obtain

optl
BJnew,OAIO

and

optl
Jnew.0.20

1 11 2
1 2 21

10000
11000

0000

for p; = 0.10 and p; = 0.20, respectively.

(5.17)

(5.18)

Next, by using Algorithm 4, we search for z’s in (5.15) given p; = 0.10 and 0.20, respec-

tively, and obtain

opt2

JneW,O.10 -

and

opt2
Jnew.0.20

(5.19)

(5.20)
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Table 5.3: Channel thresholds and source thresholds of different codes at p; = 0.10 and p; = 0.20.

p1 0.10 0.20
optl opt2 opt—3 opti-3 (BgBiEWQ optl opt2
Code BJnewJ) 10 BJnew,o,lu (BJB’ Bl ) (501 | By [29] BJ [57] [36, Table I] BJneWJJ.QU BJ xxxxx 0.20 Ba [
(E,/No)m (dB) || —2.333 | —2.595 ~1.556 1581 | —1.996 ~1.218 1.048 | 0831 | 2.322
Pth 0.137 0.171 0.159 0.160 0.144 0.129 0.334 0.288 0.283
Shannon limit (dB) —3.392 —0.654

0.04
BJ’IVC‘AZ [36]

SSER

Figure 5.4: SSER performance comparison between B! B2 and existing DP-LDPC block

Jnew,04107 Jnew,O.lO

codes at p; = 0.10. The lifting factor is z = z122 = 4 x 800 = 3200.

Table 5.3 lists the source and channel thresholds of B(J)S:vlv,o.lo’ Bgi’:iio'lo, and existing DP-

LDPC block codes with non-zero SVCC linking base matrices [29, 36, 37, 50] at p; = 0.10.

It can be seen that given p; = 0.10, B‘j‘jti , have lower channel thresholds than existing

0.1

DP-LDPC codes. Figure 5.4 plots the SSER performance of these codes. The two new codes

BOptl al’ld BOth
Jnew

Trew 0,10 , have a maximum gain of around 1.7 dB and a minimum gain of about
new.U.

0.1

0.5 dB over the existing codes at an SSER of 107%. The SSER results are also consistent with
the theoretical thresholds in Table 5.3.

Table 5.3 also lists the source and channel thresholds of ngﬂ BOP* and B, (a DP-

new_0.20" Jnew.0.20°

LDPC block code with a non-zero SVCC linking base matrix in [29]) at p; = 0.20. It can be

seen that given p; = 0.20, B*"! ' and B{™?  achieve lower channel thresholds than B,.

0.2 0.2

opt2
Jnew.0.20

Figure 5.5 plots the SSER performance of these codes. The new codes B‘jszvlv ,and B

0.2

significantly outperform the existing one B,. Moreover, B‘ji)f

020 has a gain of more than 0.15
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10"

T T
opt]
+ B/
new 020
opt2
+ B, ,

—— Bzx[zi9r] E

SSER

I I I I I I I I I
1 1.2 1.4 1.6 1.8 2 22 24 2.6 2.8 3
F.\/N“

Figure 5.5: SSER performance comparison between B?S:VIV 0207 B?S:i 140> and an existing DP-LDPC

block code By at p; = 0.20. The lifting factor is z = 2120 = 4 x 800 = 3200.

dB over B{*"'  atan SSER of 107°.
Based on the examples above, we can observe that our proposed codes outperform the other
three types of codes. It is because the design of our proposed code structure is more flexible

and is therefore more likely to find a code having good thresholds and good error performance.

5.2 Protograph-based spatially-coupled joint source-channel
code

In [47], a source spatially coupled protograph-based LDPC (SC-P-LDPC) code and a channel
SC-P-LDPC code are concatenated, which has been introduced in Section 2.4. In [76], a source
SC-P-LDPC code and a channel SC-P-LDPC code are spatially coupled by using a spatially-
coupled SCCV (SC-SCCV) linking (base) matrix, which is proposed in Chapter 4; in other
words, the source SC-P-LDPC code and the channel SC-P-LDPC code are not connected in a

simple cascading relationship. In the section, we propose a new type of spatially coupled joint
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o B /Hlhy | B /HES
B /Hirp = (—otp i, | BIO/HED )
”)/ w ( B"l'l) /HH) ‘ B'I'I)/H'I'I)

B O SO (< 7 3N SO
(B/H) ®B/H),, (B/H),,, :(B/H)
®/m),, LB/B)
L el (B B/, B/
B/, B/®., B/} B/, . B/H)cr, B/
(B/H)
(B/H) : (B/H)cc,,, - o
B/M), (B/H) 0, - o (B/H),
B . BT .,
(B/H),,., (BJH)., (B/H),,  {(B/A)
(B/H),.. | (B/H)
(B/H) : (B/H)., (B/H) : (B/H)
"""""" LT R e,
®/m,.. | I T D
(B/H) : (B/H)
(B/H),,, (B/H)
"""""" (B/H) T
: : (B/H)
(B/H)remaining = i (B/H) (B/H)
(B/H) .

Figure 5.6: Protomatrix and parity-check matrix of proposed spatially coupled joint source-channel codes
are denoted by Btp and Hrp, respectively. When Lg and L. are infinite, the corresponding code is
called spatially coupled joint source-channel convolutional code

source-channel code (SC-JSCC). In the proposed SC-JSCC, a source SC-P-LDPC code and a
channel SC-P-LDPC code are not only spatially coupled by a SC-SCCYV linking (base) matrix,
but also by a spatially-coupled SVCC (SC-SVCC) linking (base) matrix. By doing this, we aim
to improve the source threshold without changing the source compression rate or increasing the
syndrome former memory of the source SC-P-LDPC proposed in [47].

Figure 5.6 shows the protomatrix of the proposed SC-JSCC Brp and the corresponding
parity-check matrix Htp formed by lifting Bt twice. mg, my, ms, and mgs, respectively,
represent the syndrome former memories of the source SC-P-LDPC code, the channel SC-
P-LDPC code, the SC-SVCC linking matrix, and the SC-SVCC linking matrix. L, and L.,
respectively, denote the coupling lengths of the source and channel SC-P-LDPC codes. When
Ls and L, are finite, the corresponding code is called spatially-coupled joint source-channel
(SC-JSC) terminated code. When both L; and L. tend to infinity, the SC-JSCC becomes a
spatially-coupled joint source-channel convolutional code (SC-JSC-CC). For the SC-JSC-CC,

its overall code rate Rcc = R, where R is the overall code rate of its corresponding block code.
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For the SC-JSC terminated code, Rtp = Ls/L. - Rcc < Rec.

The sub-base matrices By, (¢« = 0,1,...,mp), B, ¢ = 0,1,...,my), and By, (¢ =
0,1,...,ms) can, respectively, be constructed from By, B, and Bg,.. in B;__, (5.1). Moreover,
they need to satisfy > "9 B, = Bs, >_."% B, = Be, and Y% Bgyee; = Bgyee [70]. We further
require B., = (Bmcxms Tmc) , where B,,,_ . 1s a base matrix of size m. X mg and T, of
size m. X m, denotes a lower or upper triangular protomatrix with “1”’s on its diagonal such
that linear encoding can be implemented. For the SC-SCCV linking matrix, we require Bg.y,
to have the same structure as B/ (i.e., = (Tms ())) in By, (5.1) so as to allow linear

source compression. We can divide the proposed SC-JSCC into two categories based on the

sub-matrices of the SC-SCCYV linking matrix:
1. Type-I: All By, (¢ = 1,2, ..., m2) are zero matrices;
2. Type-II: Not all By, (: = 1,2, ..., mg) are zero matrices.

Remark: For Type-Il SC-JSCCs, the corresponding DP-LDPC block codes may not exist.
Given a set of By.v, ¢ = 0,1,2,...,m9) where By.y, = (Tms 0) and not all By,

!/

sccv 1M BJnew

(t = 1,2, ...,my) are zero matrices, Z;’fo Bqccv; may not obey the structure of B
(5.1), i.e., consisting of a lower or upper triangular protomatrix of size mg x m, with “1”’s on
the diagonal and a zero matrix. Therefore, we do not base on B’ .. to construct the SC-SCCV

Ssccv

linking base matrix for Type-II SC-JSCCs.

5.2.1 Encoder

Attime ¢t (= 0,1,2,...), the source sequence of size 1 X n,z (z is the overall lifting factor)
is denoted by s;. The compressed source sequence of size 1 X m z is denoted by c; at time
t. The parity-check bit sequence of size 1 x m.z for channel encoder is denoted by p; at time
t. The channel codeword sequence of size 1 X n.z is denoted by v; at time {. We assume

mg = my = my = mg to simplify the explanation.
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Att = 0, we generate the codeword v, based on the input s, and the parity-check matrix

So Vo = [Co Po]

Hso Hsccvo (521)

Hsvcco Hco

where Hy,, H.,, Hsv,, and Hgc, are, respectively, on the 1st block rows of H7py, Hip,
H5E, and HY in Fig. 5.6. Since Hg, is formed by lifting Bg.cv, = (Tms 0) twice,
we can obtain vy by using a similar linear encoding method as described for the JSC-BC in
Section 5.1.1. Firstly, ¢, is computed based on sq and (Hy, | Hgccy, ) by using the linear source
compression [74]. Then, py is computed based on (i) co; (ii) the part of sy corresponding to
non-zero columns of Hyy.,; and (iii) (Hgyee, | He,) by using linear encoding method. (Recall
that H,, is formed by lifting B., = <Bmcxms Tmc> twice.)

At 0 < t < my, the source sequence s; is input into the encoder. v; is generated based on

the known sy, ..., s; and v, . .., v;_1 and the following parity-check matrix
So o St St Vo o V1 | U = [Ct Pt]
Hst H51 HSO Hsccvt Hsccv1 HSCCVQ (522)
)
Hsvcct Tt Hsvccl Hsvcco Hct Hc1 HCQ

where Hg,, H.., Hy,,, and Hgo., (1 = 0,1,... ) are, respectively, on the (¢ + 1)-th block
rows of HYpy, Hp, HYY, and HYS® in Fig. 5.6. Specifically, we first obtain the compressed
source symbols ¢; based on (i) s, ..., 8, (1) vy, . . ., Vs—1, and (ii1) the first block row of (5.22)
using linear encoding. Then, we generate p, based on (i) sq, ..., S, (i) vo, ..., v, (iii) ¢
and (iv) the second block row of (5.22) using linear encoding.

Att > mg (mg <t < Ly — 1 for SC-JSCCs), the source sequence s; is input into the en-

coder. v, is generated based on the known s;_,,,, ..., s; and v;_,,, . .., v;—1 and the following
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parity-check matrix

St—mo SR - | St Vt—my SR VN | U = [Ct Pt]

I_Ism0 H31 Hso I_Isccvm2 e Hsccv1 Hsccvo (523)
)
Hsvccm3 e Hsvcc1 Hsvcco Hcm1 Hc1 Hco
where Hy,, H.,, Heccy,, and Hgyo, (2 = 0,1,...,mp and my = m; = my = mg) are, respec-

tively, on the (¢ + 1)-th block rows of H5.y, Hfpy, HS, and HY in Fig. 5.6.

When SC-JSCCs are terminated, vy, . . ., vy, are generated without any new inputs.
1. Firstly, we continue to generate the channel codewords vy, ..., v, +m,—1. Specifi-
cally, we generate vy, _14; (j = 1,...,mg) based on the known s;_ 014, ..y SL,—1,

VL,—mo—1+js --» UVL,—2+; and the following parity-check matrix

SLs—mo—14j -+ SLe—1 | VL;—mp—1+j --- UL,—2+j | VL,—1+j
Hsmo HsJ- Hsccvm2 s Hsccv1 Hsccvo (524)
)
Hsvccm3 SR HSVCCj Hcml H01 HCQ
where (Hsmoa (233} HSj)’ (Hsvccm39 seey HSVCCj)’ Hci, and Hsccvi (Z = 07 <, M Mo = My =

mo = mg) are, respectively, on the ( L+ j)-th block rows of H¥.,, HY, HSy, and H5SS

in Fig. 5.6.

2. Secondly, extra channel codeword sequences V1, +mgy> VL.+mo+1> * * *» VL, (consisting of

mainly parity-check bits) are derived based on the remaining part of HYy shown in the
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black dashed frame of Fig. 5.6, i.e.,

VLs+mo—m1 -+ ULs+mo—1 | VLi4mg -+ ULc—1
(B/H), ... (B/H), | (B/H),
(B/H>remaining = . B e (B/H)co
(B/H), 529
(B/H),

We define L.y as the number of block columns added after the block column cor-
responding to vy ;-1 (i.e., after the (L + myg)-th block column of H$p). To en-

sure that encoding could be performed based on H,emaining and the known vy 4o —m,,

Vlotmo—mi+1> > ULo+mo—1, the number of parity-check equations in Hiemaining Should
be no more than the number of variable nodes in v, 1y, Vi, +me+1, " 5 VL.—1, 1.€.,
mc(Lextra + ml) — Mall-zero S ncLextra7 (526)

where mi1.ero denotes the number of all-zero block rows in Biemaining, Which denotes the
remaining part of BS, shown in the black dashed frame of Fig. 5.6, i.e., (5.25). In other

words, Lextra should be the smallest integer selected such that (5.26) is satisfied.

Based on L, obtained by (5.26), we can calculate the channel coupling length by

Lc = Ls + mp + Lextra-

5.2.2 Sliding window-based decoder and threshold analysis

We apply a sliding window-based joint belief propagation (BP) algorithm to decode the pro-

posed SC-JSCCs and use w to denote the window size. As the blue dashed frames shown in

Fig. 5.6, w block rows and block columns of H%.y, H%y, HYY', and HY are included in a

window. We can regard the protomatrix in a window as a JSC-BC and use the joint BP algo-
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rithm [37], which is introduced in Section 2.2.2 to decode the first ngz source symbols in the
window, which are defined as the target symbols. In the next decoding timeslot, the window
will slide to the right and downward, i.e., moving from the blue dashed frames to the red dashed
frames in Fig. 5.6, and so on. Moreover, all updated log-likelihood ratio (LLR) messages and
previously decoded source symbols and channel codewords would be used to facilitate decoding
the source symbols and channel codewords in the current window.

As mentioned above, we can regard the protomatrix in a window (w block rows and block
columns of B5., BSp, BT, and BYy in the blue dashed frames in Fig. 5.6) as a JSC-BC. We
therefore can use algorithms for calculating the channel and source thresholds of a JSC-BC to
calculate the channel and source thresholds of a SC-JSCC, i.e., the JP-EXIT algorithm [33] and
UP-EXIT algorithm, respectively. When the MI between the APP-LLR of the first n;, VNs in a
window and their corresponding symbols reaches “1” or the maximum number of iterations is

reached, the algorithms will stop.

5.2.3 Results and discussions

In this section, we construct some SC-JSCCs from JSC-BCs using the differential evolution
(DE) algorithm [29]. When calculating the thresholds for SC-JSCCs, JSC-BCs, and SC-DP-
LDPC codes [76], we set the maximum number of iterations to 200.

When simulating the SSER performance of SC-JSCCs and JSC-BCs, we assume that both
decoders have the same decoding latency, i.e., both the block decoder and the window decoder
need to receive the same number of channel inputs before starting the decoding process [47]. We
set the maximum number of iterations for JSC-BCs to 200 while using the syndrome checking
to terminate the iteration early. In the decoding of SC-JSCCs and SC-DP-LDPC codes, the
iterations will not be stopped until the maximum number of iterations is reached. Thus, we
set the maximum number of iterations to 100 for SC-JSCCs and SC-DP-LDPC codes in order
to reduce the simulation time. Note that adjusting the maximum number of iterations from
100 to 200 for SC-JSCCs and SC-DP-LDPC codes may result in improved error performance

compared to the simulation results presented in this section.
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5.2.3.1 Low-entropy sources

We design some SC-JSCCs for low-entropy sources.

Example #4: When p; = 0.01, we first construct a SC-JSCC based on Bj’i’:}wm (5.10). We
start by setting mo = m; = m3 = 1 and me = 0. The source SC-P-LDPC protomatrix and
the channel SC-P-LDPC protomatrix are to be the same as the SC-DP-LDPC code B} [76]

proposed in Section 4.5, which are obtained based on BYy\ 5 (5.9). We thus obtain

00011021 11202110
BO.01 — - B0l = ’
o 00011101 o 12110111
00000 30100
0.01 0.01 0.01 10000
B,"=l11001|:B;"=[0o1010|[;B = ;
' ’ “\3 1000
20010 01001
(5.27)
000020710 00001020
Blw=]100000000|[:B,=]00000000];
00000000 00000000

and we denote the corresponding SC-JSCC by Bi) . Next, we set my = 1 and use the DE
algorithm (introduced in Section 2.5) to construct the SC-SCCV sub-protomatrices based on
Bg,_m, B(C),jOl, and Bgﬁ( (i = 0, 1) shown in (5.27) to form a new SC-JSCC. We set the maximum
row weight of the SC-JSCC no larger than that of B(j‘j:vlvio_m to maintain the same decoding

complexity as B"!  The SC-SCCV linking sub-protomatrices obtained are
Jnew,O.Ol

)
=)

1 0000 10 0
BO‘OI, — . BO‘OI, — (528)

SCCVvy O O 0 0 1 SCCVO

and the corresponding SC-JSCC is denoted as B} .
Secondly, we start by setting myg = m; = mg = 1 and my = 0, and construct source

sub-protomatrices B2%" and B_:"!, channel sub-protomatrices B:"! and B2%', and SC-SVCC



CHAPTER 5. NOVEL DP-LDPC CODES AND SC-DP-LDPC CODES WITH SVCC 102

Table 5.4: Channel thresholds and source thresholds of different codes at p; = 0.01. Shannon limit
equals —12.02 dB.

Code B B B BYg.  [ByC, | B [0
w 6 8 6 8 6 8 6 8 None 6 8
(Es/No)wn (dB) | —9.999 | —10.795 | —11.087 | —11.112 | —10.646 | —10.850 | —11.104 | —11.153 | —10.170 | —11.022 | —11.112
Pth 0.045 0.046 0.045 0.046 0.091 0.095 0.091 0.095 0.084 0.031 0.032

sub-protomatrices BY%:2! and B2"! based on the JSC-BC Bj’fffv?om (5.12). We obtain

svceo sveey

01220000 12110110
B(s)im: QBS{JM: :
10020100 01201121

10000 20100
BX=110001|:B=(01010]:
00000 200 2 1
00220000 00100000
(5.29)
Bl =1l00000001]|;BX=00001000]/:;
00001000 000000O0 1
. 10000
Bgiev, = )
31000

and we denote the corresponding SC-JSCC as B} . Then, we set m, = 1 and use the DE

algorithm to construct the SC-SCCV sub-protomatrices based on BJ%!, B2, and BY,2, (i =

svee;

0,1) shown in (5.29) to form a new SC-JSCC. We set the maximum row weight of the SC-

JSCC no larger than that of Bf]’ftfv . to maintain the same decoding complexity as BoP?

0.0 Jnew,().[)l‘

The SC-SCCV linking sub-protomatrices obtained are

10000 10000
B! = ; BOY = (5.30)

scevo

00010 21 000
and the corresponding SC-JSCC code is denoted as B, .
Table 5.4 lists the source thresholds and channel thresholds of the new SC-JSCCs, B‘jf:fv?om

(with best error performance among block codes), and B%%lnew [76]. We have the following

observations.
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i) The channel thresholds of Type-II SC-JSCCs, namely B}, and B} differ within 0.05

dB between window size w = 6 and w = 8.

ii) The channel thresholds of Type-I SC-JSCCs, i.e., B} and B} , as well as the SC-
DP-LDPC code B! [76], exhibit a larger difference between window size w = 6 and

w = &, ranging from 0.09 dB to 0.8 dB.
iii) B}, at w = 8 has a channel threshold of 0.041 dB lower than B} atw = 8.

iv) All SC-JSCCs with w = 8 have lower channel thresholds than the JSC-BC code Bgf:fw'

o1’

v) Bip,, and BYJ) have the highest source thresholds among these codes.

Figure 5.7 shows the SSER performance of the SC-JSCCs and the SC-DP-LDPC code
BY}P. whenw = 6 and w = 8. Forw = 8, we set z = 4 - 50 = 200. For w = 6, we
set z =4 - 67 = 268. w and z are set to maintain a similar code length in each window and to

achieve a similar decoding latency as the JSC-BC Bgi’ti ,,- Figure 5.7 also presents the SSER

0.

t2 . . .
performance of Bf"”~  for comparison. We have the following observations.

0.0

i) Type-I SC-JSCCs, i.e., B} and BY{! , as well as the SC-DP-LDPC code BYp!  [76]
with w = 8 have better error performance than that with w = 6. Their channel thresholds
with w = 8 are lower than those with w = 6. Type-II SC-JSCCs, namely B! and BYY!
at w = 6 have better error performance than those at w = 8. Their channel thresholds at
w = 6 and w = 8 are very close. Additionally, the lifting factor at w = 6 is larger than
that at w = 8. This suggests that the performance difference is not solely dependent on the
channel threshold and indicates the importance of considering the lifting factor along with
the channel threshold for a given window size so as to achieve good error performance in

scenarios where the code lengths are similar within a window.

ii) Type-II SC-JSCCs, i.e., B}, and BYY at w = 6 have better error performance than

B} atw = 6and w = 8 and the JSC-BC BS™?  when E,/N, is large.

0.0

iii) BYY. at w = 6 has the best error performance among all codes.
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SSER

new 0.01
- =B [76]w=6 ; ’

—— B))'[76] w=8

-10 9.8 9.6 -9.4 -9.2 -9 8.8 —8.6

Figure 5.7: SSER performance comparison between new SC-JSCCs, B‘ji’zﬁm and SC-DP-LDPC codes
at p; = 0.01. The lifting factors for SC-JSCCs are z = 2129 = 4-67 = 268 and z = 2129 = 4-50 = 200
when w = 6 and w = 8§, respectively. L; = 128 and L. = 130. Rtp = 1.969 for SC-JSCCs.

iv) All codes do not suffer from an error floor caused by the source compression because of

their large source thresholds relative to p; = 0.01.

Example #5: When p; = 0.04, we first construct a SC-JSCC based on Bgﬁ:vlv,o.m (5.14). We
begin by setting my = m; = mg = 1 and my = 0. The source SC-P-LDPC protomatrix and the
channel SC-P-LDPC protomatrix are set to be the same as the SC-DP-LDPC code B%%‘iew [76]

given in Section 4.5, which are obtained based on Bg;ﬂj . (5.13). The sub-protomatrices obtained
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are

0111 010
BOO4 — - BOO = :
" 1100 k 1111
11010 11100
Bi'=110001|:B™=]110010];
00000 11011
(5.31)
0000 0010
Blw=[0000[:Byy=[0000[:
0000 0000
Fooi 10000
e 11000

and the corresponding SC-JSCC is denoted as B} . Next, we set m, = 1 and use the DE
algorithm (introduced in Section 2.5) to construct the SC-SCCV sub-protomatrices based on
ng'o‘*, Bgio‘l, and Bgﬁig (1 =0, 1) shown in (5.31) to form a new SC-JSCC. We set the maximum
row weight of the SC-JSCC no larger than that of B!  to maintain the same decoding

complexity as B§”" . The SC-SCCV linking sub-protomatrices obtained are

1000 1 10000
B0V, = ; B0, = . (5.32)

e 00000 o 11000

and the corresponding SC-JSCC code is denoted as B}:P! .

Secondly, we begin by setting my = m; = m3 = 1 and me = 0, and construct source

sub-protomatrices BJ.* and B_:**, channel sub-protomatrices B2 and B2%*, and SC-SVCC
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Table 5.5: Channel thresholds and source thresholds of different codes at p; = 0.04. Shannon limit
equals —7.00 dB.

0.04 0.04 0.04 0.04 opt2 0.04
Code Brp,, Brp,, Brp,, BTp,, B oo Bip,., [70]

w 6 8 6 8 6 8 6 8 None 6 8

(Es/No)wn (dB) | —5.386 | —6.120 | —6.390 | —6.430 | —5.547 | —6.365 | —6.442 | —6.476 | —5.880 | —6.311 | —6.441

Din 0.129 | 0.150 | 0.129 | 0.150 | 0.394 | 0.394 | 0.394 | 0.394 0.217 0.084 | 0.091

sub-protomatrices B%%4 and B2% based on the JSC-BC B*  (5.16). We obtain

svceg SvcCy new.0.04

o 001 2 " 1011

B = F B = )
0001 1110
00000 30100

BX=110001|:B™=[20010]:
10010 01011

(5.33)

0001 0000

B =[oo0oo0oo0|;B%=]0000];
0000 0200

o 10000

BSéCVQI 7
31000

and we denote the corresponding SC-JSCC as B} .
Next, we set my = 1 and use the DE algorithm to construct the SC-SCCV sub-protomatrices

based on BY*, B2, and BY,% (i = 0,1) shown in (5.33) to form a new SC-JSCC. We set

sSvce;

the maximum row weight of the SC-JSCC no larger than that of Bgf:i,om to maintain the same

decoding complexity as Bgf:i,o.

o+ The SC-SCCV linking sub-protomatrices obtained are

10 000 10 000
B0.04 — : B0'04 — (534)

SCCv(

1 0001 11000

and the corresponding SC-JSCC code is denoted as B2 .

Table 5.5 lists the source thresholds and channel thresholds of the new SC-JSCCs, B‘ji’:ﬂ_

04
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SSER
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Figure 5.8: SSER performance comparison between new SC-JSCCs, B Optz -+ o.04 and SC-DP-LDPC codes
at p; = 0.04. The lifting factors for SC-JSCCs are z = 2129 = 4 - 134 = 536 and z = z120 = 4-134 =
536 when w = 6 and w = 8, respectively. Ly = 128 and L. = 130. Rrp = 0.985 for SC-JSCCs.

(with best error performance among block codes), and B3}, 04 ., [76]. We have the following

observations.

i) The thresholds of Type-II SC-JSCCs, namely BY{! and BY., . only differ within 0.04
dB between window size w = 6 and w = 8. Type-I SC-JSCCs, i.e., B} and Bip)! |
as well as the SC-DP-LDPC code B0 04 ., [76], exhibit a larger difference in their channel
thresholds between window size w = 6 and w = §, ranging from around 0.10 dB to 0.80

dB. This phenomenon is also observed in Table 5.4.
ii) BYY,, at w = 8 has a channel threshold of 0.035 dB lower than B} at w = 8.

iii) All SC-JSCCs with w = 8 have lower channel thresholds than the JSC-BC code B***

Jnew.0.04"

iv) BYpL and B2 have the highest source thresholds among these codes.

Figure 5.8 shows the SSER performance of the SC-JSCCs and the SC-DP-LDPC code

BYP. when w = 6 and w = 8. Forw = 8, weset z = 4-100 = 400. For w = 6,
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we set z = 4 - 134 = 536. Figure 5.8 also presents the SSER performance of B> for

Jnew.0.04

comparison. We can observe the followings.

a) Type-I SC-JSCCs, i.e., B! and BY2! , as well as the SC-DP-LDPC code B!  [76]
with w = 8 have better error performance than that with w = 6. Their channel thresholds
at w = 8 are lower than those at w = 6. Type-II SC-JSCCs, namely B! and B! at
w = 6 have better error performance than that at w = 8. Their channel thresholds at w = 6

and w = 8§ are very close;
b) B%’%‘*2 , at w = 6 has the best error performance among those codes;

¢) No error floor is observed due to the large source thresholds of these codes relative to p; =

0.04.

5.2.3.2 High-entropy sources

We design some SC-JSCCs for high-entropy sources. Based on the observations above, we can
conclude that Type-II SC-JSCCs constructed based on the optimized JSC-BCs, i.e., B}, and
B, ,. possess excellent theoretical thresholds and simulated SSER results at w = 6. Therefore
in the following, we construct only Type-II SC-JSCCs based on the optimized JSC-BCs.

Example #6: When p; = 0.10, we consider B?fti ,in (5.19). We set mg = my = my = msz =

-0.1

1 and construct source sub-protomatrices B_:'” and BY:'°, channel sub-protomatrices BY:'” and

B:19, SC-SVCC sub-protomatrices B! ‘and BY%:!Y and SC-SCCV sub-protomatrices B2

cy svceo svceyp ? SCCvQ
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and B%10 and we obtain

scevy?

00 2 1010

BO10 — . BRI — :
1000 0111
10000 2010 0

BM= 10001 ]|:BY=10010];
00000 11021

(5.35)

0000 0000

Bl =lo0100|:;B% =]10101];
001 1 0010
01000 10000

Bl = ; Bliw, =
00000 2100 0

We denote the corresponding SC-JSCC as By
When p; = 0.20, we consider ng:imo in (5.20). We also set mg = m; = my = ms = 1,
and construct source sub-protomatrices BY:** and BY:*°, channel sub-protomatrices B2** and

B?-2°, SC-SVCC sub-protomatrices B%2° ‘and B2V  and SC-SCCV sub-protomatrices BZ;2

cy ? svceg svceyp ? Sccvo
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Table 5.6: Channel thresholds and source thresholds of different codes at p; = 0.10 and p; = 0.20.

n 0.10 0.20
Code Bp, | BI . BYD, | BI
Shannon limit (dB) —3.39 —0.65
(Es/No)wn (dB) —2.958 (w=06) | —2.995 (w=28)| —2.595 | 0.259 (w = 6) | 0.209 (w = 8) 0.831
Pt 0.434 (w = 6) 0.434 (w = 8) 0.171 0.318(w =6) | 0.318(w = 8) 0.288
and BJ:2Y | and we obtain
I30.20 _ 1 O . 130.20 _ 1 11 .
S1 - ) so ’
10 0 00
0 00 01 00
B = 011 |;B= 0010 |;
0 00 1 011
(5.36)
0 0 00 0O
Bgee, = 01 |:B&=]10000]:
0 0 0 2 01
0.20 000 0.20 000
B, = » Boievy =
01 0O0O 21 00

We denote the corresponding SC-JSCC as By .

Table 5.6 lists the source thresholds and channel thresholds of the new SC-JSCCs and the

JSC-BCs B

and B
0.10 J

new_0.20"

at p; = 0.10 and p; = 0.20, respectively. We can see that

the SC-JSCCs have lower channel thresholds and higher source thresholds than the JSC-BCs

at both p; values. B} and B}’ have close channel thresholds at w = 6 and w = 8. When

w = 6, their channel thresholds lie within 0.45 dB and 0.91 dB, respectively, of the Shannon

limits. Figure 5.9 shows the SSER performance of B and B}#) at w = 6 and the SSER per-

2
formance of Bf])‘jzw

0.1

opt2
0 and BJnew,O.

L+ The proposed SC-JSCCs have similar error performance

as the JSC-BCs in the low to medium FE,/N region, but outperform them in the high E,/N,

region.
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—— Bff_‘rl)o, ]JIZO.IO, w=6
1
opt2 —
—-o— B MJPIOJO

—m— B}, p,=0.20,u=6
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SSER

10° I I I I I
-3 -2.5 -2 -1.5 -1 0.5 0 0.5 1 1.5 2

E/N, (dB)

Figure 5.9: SSER performance comparison between new SC-JSCCs and new JSC-BC codes at p; = 0.10
and p; = 0.20. The lifting factors for SC-JSCCs are z = 2129 = 4 - 100 = 400 when w = 6. Ls = 128
and L. = 130. Rtp = 0.985 for SC-JSCCs.

5.3 Conclusions

In this chapter, we first proposed a joint source-channel block code (JSC-BC), whose SVCC
linking base matrix is a non-zero matrix and SCCV linking base matrix consists of a zero
matrix and a lower or upper triangular base matrix with “1”’s on its diagonal. Next, we propose
an efficient UP-EXIT algorithm, where only untransmitted VNs and their connected nodes are
considered, to calculate the source threshold of a JSC-BC. For both low-entropy and high-
entropy sources, we construct JSC-BCs having good source and channel thresholds. SSER
simulation results show that the new JSC-BCs outperform the existing DP-LDPC codes. We
also propose a new type of spatially-coupled joint source-channel code (SC-JSCC). Moreover,
with 200 iterations, the channel threshold of a SC-JSCC can be as close as within 0.45 dB
of the Shannon limit. Theoretical analyses and simulation results further show that the new
SC-JSCCs can achieve better error performance than SC-DP-LDPCs and JSC-BCs. Since our
proposed JSCC schemes can achieve good error performance for both low-entropy and high-

entropy sources, we will consider applying them to multi-source transmission scenarios in the
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future.



Chapter 6

Conclusion and Future Work

In this chapter, we conclude the thesis and provide potential future research directions.

6.0.1 Conclusions

Utilizing the joint source-channel coding technique, which exploits both the source statistics
and channel information, can yield superior error performance compared to separate source-
channel designs in the case of finite code lengths. A well-established joint source-channel
coding system involves the utilization of DP-LDPC codes, wherein two P-LDPC codes are
employed as the source code and the channel code, respectively. A traditional joint source-
channel coding system based on DP-LDPC codes establishes a one-to-one connection between
the check nodes in the source P-LDPC code and the variable nodes in the channel P-LDPC
code. This connection can be denoted by a source-check-channel-variable (SCCV) linking base
matrix consisting of an identity matrix and a zero matrix. In our research, we concentrate on
enhancing the error performance of the joint source-channel coding system by designing new
systems based on the structure of traditional DP-LDPC codes. We propose several novel joint

source-channel systems as follows.

1. In Chapter 3, we propose a novel type of DP-LDPC codes by replacing the identity matrix
in the SCCV linking matrix of traditional DP-LDPC codes with a lower or upper triangu-

lar matrix with “1”’s on its diagonal. By doing this, we allow for more versatility in the

113
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code design. Furthermore, the linear source compression feature is preserved. Theoretical
analyses have demonstrated that the proposed new DP-LDPC codes have lower channel
thresholds. Error rate simulation results further reinforce the superiority of the proposed
DP-LDPC codes compared with the traditional DP-LDPC codes and are consistent with

the channel thresholds.

2. In Chapter 4, we build upon the advantages of spatially coupled protograph-based LDPC
(SC-P-LDPC) codes over P-LDPC block codes and propose a new joint source-channel
coding scheme called spatially coupled double protograph-based LDPC (SC-DP-LDPC)
codes. In this design, two SC-P-LDPC codes are spatially coupled using a spatially cou-
pled SCCV (SC-SCCV) linking matrix. Unlike a simple cascading relationship between
the source SC-P-LDPC code and the channel SC-P-LDPC code, our design establishes
a more intricate connection. The proposed SC-DP-LDPC codes enhance the correla-
tion between codewords generated at different time instances. The current compressed
source symbols are not only influenced by the previous source symbols, but also affected
by the previously generated channel codewords. Both theoretical analyses and simula-
tion results demonstrate the superiority of the proposed SC-DP-LDPC codes compared
to concatenated SC-P-LDPC codes and state-of-the-art DP-LDPC block codes under the

same decoding latency and similar overall code rate.

3. Studies have proved that source thresholds can be improved by adding connections be-
tween variable nodes (VNs) in the source P-LDPC and check nodes (CNs) in the channel
P-LDPC, i.e., adding a source-variable-channel-check (SVCC) linking matrix in the tra-
ditional joint source-channel coding system based on DP-LDPC codes. In Chapter 5, we
propose a novel joint source-channel block code (JSC-BC) in which two P-LDPC block
codes are connected by a SVCC linking (base) matrix and a SCCV linking (base) matrix
that consists of a zero matrix and a lower or upper triangular (base) matrix with “1”’s on its
diagonal, aiming to obtain good error performance for both low-entropy and high-entropy

sources.
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4. Moreover, in Chapter 5, we simplify the traditional joint protograph extrinsic informa-
tion transfer (JP-EXIT) algorithm and propose an “untransmitted protograph-based EXIT
(UP-EXIT) algorithm” for calculating the source threshold of a JSC-BC. Compared to the
JP-EXIT algorithm, the proposed UP-EXIT algorithm is more efficient because a smaller
protograph consisting of only the untransmitted VNs (i.e., the source VNs and the punc-
tured channel VNs) and their connected check nodes need to be considered. By using the
UP-EXIT algorithm, we first search for candidate codes with the proposed code structure
and high source thresholds. Then we select those among the candidate codes also with
low channel thresholds by using the JP-EXIT algorithm. Theoretical and simulation re-
sults show that the newly constructed codes outperform state-of-the-art DP-LDPC block

codes.

5. In Chapter 5, we also spatially couple the joint source-channel block code and obtain a
spatially coupled joint source-channel code (SC-JSCC). Theoretical analyses and simu-
lation results show that even with a smaller window size and lower decoding complexity,
the SC-JSCC with the spatially coupled structure for each sub-block (source protomatrix,
channel protomatrix, SCCV linking matrix, and SVCC linking matrix) can achieve better

error performance than existing spatially-coupled DP-LDPC codes.

6.0.2 Future work

Based on the research conducted in this thesis, the following future work can be considered to

expand the findings.

1. For SC-DP-LDPC codes and SC-JSCCs, there exists an error propagation phenomenon.
In addition, the decoding iterations will stop only when the maximum number of iter-
ations is reached. The sliding window joint belief propagation decoding algorithm can
be improved to mitigate error propagation and reduce the number of iterations without

worsening error performance.

2. We can explore hardware-friendly implementations of the JSC-BC and SC-JSCC codes.
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We can consider the practical constraints of hardware platforms and develop optimized

implementations for specific applications or communication systems.

3. Due to the excellent error performance of JSC-BCs and SC-JSCCs for both low-entropy
and high-entropy sources, we can consider applying them in multi-source scenarios,
where multiple independent sources of data need to be transmitted simultaneously or

sequentially.

4. For high reliability and low latency communication, a joint source-channel anytime cod-
ing scheme has been proposed by others [78,79], where two anytime spatially coupled
repeat-accumulate (SC-RA) codes are concatenated. We can also investigate the change
of their concatenated relationship by changing the SCCV linking matrix to improve the
error performance. Compared with SC-P-LDPC codes, the connections between blocks

vary over time for the anytime SC-RA codes.
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