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Abstract

Rate-Compatible Low-Density Parity-Check (RC-LDPC) codes are proposed to pro

vide unequal error protection (UEP) for robust and efficient transmission o f  progres

sively compressed images over noisy channels. The total bit budget is partitioned be

tween the source and channel coding, and the optimal rates are assigned to source en

coded packets with a trellis-based rate-allocation algorithm using a forward error correc

tion (FEC) scheme. We propose an improved rate-allocation algorithm by which the 

speed could be increased up to about three orders o f magnitude due to the reduction in 

the complexity o f  the trellis. Simulation results based on Joint Photographic Experts 

Group (JPEG) 2000 and set partitioning in hierarchical trees (SPIHT) source encoders 

show that the proposed FEC schemes over binary symmetric channel (BSC) outperforms 

similar schemes based on turbo codes and irregular repeat-accumulate codes by up to 

about 1.1 dB and 1 dB in the expected peak signal-to-noise ratio (PSNR) o f  recon

structed images. Moreover, the proposed FEC scheme achieves up to about 1.7 dB and 3 

dB improvements over EEP and UEP with product codes respectively over Rayleigh 

fading channel. For applications where delay is not a major concern, we present an al

ternative UEP scheme using automatic repeat request (ARQ), where parity check bits are 

incrementally appended until source packets are correctly recovered.
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Chapter 1

Introduction

1.1 Motivation and Objectives

Transmission o f  images/video over internet and wireless communication channels re

quires robust and efficient source and channel coding algorithms. The current image cod

ing standard JPEG2000 or SPIHT algorithm provides progressive image compression 

where the original image can be reconstructed incrementally. The main drawback o f  pro

gressive organization o f  the bitstream is that it is highly prone to transmission noise. 

Channel codes are required to protect the source encoded bitstream. Traditionally, the 

problems o f  source coding and channel coding have been addressed independently. How

ever, when the constraints o f the communication channel are considered, a joint 

source/channel coding scheme (JSCC) is found to be the most promising scheme for 

communication o f  images over noisy channels. In particular, rate-compatible (RC) chan

nel codes, due to their ability to cope with varying channel conditions are found to per

form close to the theoretical bounds o f  transmission rates. Different RC channel codes for 

implementing joint source and channel coding have been studied, including RC punc

tured convolutional codes (RCPC), Reed-Solomon codes, RC turbo codes (RCTC) and

1
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irregular repeat accumulate (IRA) codes. It is known that RC-LDPC codes provide near- 

Shannon limit error correction performance [1], In this work we use them in the context 

o f  JSCC over noisy channels and show that JSCC with RC-LDPC codes is promising.

The main objective o f  this thesis is to provide solutions to the problem o f  progressive 

transmission o f  images over BSC or Rayleigh flat-fading channels using RC-LDPC 

codes. We propose a framework where we determine the optimal channel code rates to 

maximize the end-to-end peak signal to noise ratio (PSNR) (which is the PSNR between 

the source image and the recovered one). A lso, we present a rate-allocation algorithm for 

a FEC system to minimize the distortion at high speed. Furthermore, we examine the per

formance o f  the proposed scheme for an ARQ channel model using RC-LDPC codes. In 

our simulations we use the current image coding standard JPEG2000 and SPIHT image 

coding algorithms to study the performance o f  the proposed JSCC scheme using RC- 

LDPC codes.

1.2 Thesis Contributions

The main contributions o f  this thesis are:

♦  We propose a fast trellis-based rate-allocation algorithm for robust transmission o f  

progressively coded images over noisy channels. The algorithm, which is an im

proved version o f  a similar algorithm in [2], is based on the application o f  the 

Viterbi algorithm to a search trellis. This trellis is a substantially trimmed version 

o f the one used in [2], The proposed algorithm is applied to images encoded by 

SPIHT and JPEG2000 for transmission over noisy channels. For different total bit

2
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budgets and channel parameters, speed-up factors o f  up to about three orders o f  

magnitude are achieved.

♦  Rate-Compatible Low-Density Parity-Check (RC-LDPC) codes are proposed to 

provide unequal error protection for the robust and efficient transmission o f  pro

gressively coded images over noisy channels. The total bit budget is partitioned 

between the source and channel coders, and optimal rates are assigned to source 

encoder packets. The performance o f  the proposed scheme is evaluated on binary 

symmetric channels (BSC). Experimental results indicate that the proposed scheme 

compares favorably with other joint source and channel coding schemes over a va

riety o f  channel conditions and transmission bit rates. In particular, the proposed 

scheme outperforms similar schemes based on turbo codes [2] and irregular repeat- 

accumulate codes [3] by up to about 1.1 dB and 1 dB in the expected peak signal- 

to-noise ratio (PSNR) o f  reconstructed images, respectively.

♦  The proposed joint source and channel coding scheme is examined for uncorre

lated/correlated Rayleigh flat-fading channels with/without side information (SI) 

using forward error correction (FEC). Simulation results show that our joint 

JPEG2000/RC-LPDC coding scheme can achieve the PSNR close to PSNR at ca

pacity (an upper bound o f  PSNR for such channels). The smallest gap to the capac

ity is 0.7 dB (in PSNR). Furthermore, the application o f RC-LDPC codes on to 

progressively coded images is more robust to estimation-error o f  channel parame

ters during transmission. Experiments shown that the when estimation-error o f  

channel parameters happens to joint SPIHT/RC-LDPC coding system, our 

schemes outperform [5] and [6] by up to about 1.7 dB and 3 dB respectively.

3
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♦  We also employ the proposed joint source and channel coding scheme for type-II 

hybrid ARQ communication channels. RC-LDPC codes are found to provide near

capacity throughput for the channel. Thus, the amount o f  the correct recovered bit

stream is maximized. Accordingly, we can allocate more bits to the source encoder 

so that the image can be reconstructed at a better quality (better PSNR). In the 

ARQ system, the images are transmitted over BSC and Rayleigh fading channels. 

Simulation results show that with type-II hybrid ARQ communication scheme, the 

PSNRs o f  the recovered images can be further improved over FEC scheme. The 

gaps to the capacity values are generally small, achieving the impressive perform

ance for JSCC o f images over noisy channels.

1.3 Thesis Outline

In Chapter 2, first we introduce the progressive source coding algorithms, including 

JPEG2000 and SPIHT, and channel codes -  LDPC codes. Then, we explain the construc

tion, encoding, and decoding o f  RC-LDPC codes, the channel codes used in our work.

In Chapter 3, we present the trellis construction for the rate-allocation problem and the 

VA o f  [2], This is followed by a detailed explanation o f  the steps for simplifying the 

search trellis. Lastly, we present the simulation results for the simplified search algorithm 

and show that great speedups are possible with the proposed scheme over that o f  [2].

In chapter 4, we use RC-LDPC codes to protect progressively compressed images for 

transmission over BSC. An example is shown for transmission o f  JPEG2000 coded im

ages. The overall structure o f  the proposed scheme is explained. Simulation results 

achieved with the proposed scheme are presented and compared with those o f Turbo

4
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codes and IRA codes. Simulation results in the presence o f  channel estimation errors are 

also presented and discussed in this chapter.

Chapter 5 is organized in the following way: first, we give the reader a background on 

JSCC over fading channels. The Rayleigh fading channel model is presented with the 

corresponding configurations o f  RC-LDPC codes. The influence o f  estimation error o f  

channel parameters on the performance is analyzed considering under-estimation and 

over-estimation. End-to-end PSNR figures are provided for transmitting JPEG2000 and 

SPIHT encoded images. The robustness o f  the proposed scheme is analyzed based on the 

results o f error estimation o f channel parameters for different Rayleigh fading channels.

In Chapter 6, type-II hybrid ARQ Scheme is briefly explained along with a throughput 

analysis o f  RC-LDPC codes. Then, we provide the structure o f  type-II hybrid ARQ 

Scheme. In order to compare to the FEC schemes, the end-to-end PSNR figures o f  the 

ARQ schemes are analyzes over both BSC and fading channels.

Finally, this thesis concludes with Chapter 7, where we summarize our findings for the 

proposed JSCC using RC-LDPC codes over noisy channels. Based on the analysis o f the 

results given in the previous chapters, we also address some directions that can be taken 

for future research.

5
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Chapter 2

Joint Source and Channel Coding

2.1 Source Coding

Image compression, a source coding technique, is used to remove redundancy o f  the 

image so that it can be transmitted with smaller number o f  bits on a band-limited channel. 

Channel coding, on the contrary, adds redundancy to achieve robustness in a noisy trans

mission environment. Source and channel coding are usually addressed as independent 

problems, but a better solution is available by solving the two problem jointly. To trans

mit images over noisy channels, the total bit budget has to be efficiently divided between 

source coding and channel coding so that a good end-to-end performance can be achieved.

In image processing domain, the quality o f  the received image can be quantitatively 

represented by PSNR, which is defined as:

PSNR(dB) =  20 log (2.1)
RM bh

where B is the number o f  bits to represent each pixel, RMSE is the root mean squared er

ror between two images and it can be defined as:
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I 1 N l - l N 1- l

RMSE = — —  £  £ (x[nx,n2] - x { n x,n2])2 (2.2)
N 2 =0 «2- 0

where N) and N2 are the size o f the image, and x[«i,«2] and x[nx n2] are pixel values o f

the two images respectively.

An important feature o f  the state o f  the art image compression algorithms is embedded 

coding. By truncating the higher rate bit stream, we can easily obtain the lower quality 

description o f  the image. A natural application o f  embedded bit stream is progressive im

age transmission where the image is transmitted over a low bandwidth channel, and the 

receiver can improve the quality o f  the reconstructed image gradually when more bits are 

received. That means even if  only a fraction o f  the bitstream is received, the image still 

can be reconstructed.

In the heart o f  current state-of-the-art image coders is the wavelet transform. Wavelet 

decompositions naturally represent image data in a hierarchical manner. Consequently, 

wavelet decompositions are suitable for progressive image compression. The resulting 

wavelet coefficients are grouped into approximation and detail coefficient sub-bands. 

Approximation coefficient sub-bands, calculated at each level o f the filter bank structure, 

provide a low resolution approximation o f  the original image being represented. As the 

number o f  levels increases, this sub-band becomes increasingly coarse. The detail coeffi

cient sub-bands provide details corresponding to the difference in information between 

the approximations as adjacent levels. As the number o f  levels increases, these details 

become increasingly coarse. Each detail sub-band contains wavelet coefficients that rep

resent high-frequency components prominent in horizontal, vertical and diagonal spatial 

orietentations. This means that lower-frequency, less-detailed information is contained in

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



the first transform level, while more-detailed, higher-frequency information is contained 

in further transform levels. As an example, the wavelet transform o f  the standard “Lena” 

image is shown in Figure 2.1. For simplicity, only two levels o f  the transform are shown 

here. The first transform level results in sub-bands LH1, HH1, HL1, and LL1. Only sub

band LL1 is passed on for further wavelet decomposition, generating the next transform 

level and creating sub-bands LF12, FIH2, FIL2, and LL2.

Fig 2.1: Two-level wavelet transform o f  the standard “Lena” image into sub-bands 

Normally, the coefficients o f the lowest frequency bands concentrate almost all o f  the 

wavelet transformed images energy and the high frequency bands o f  different scales and 

orientations show a strong self-similarity. These properties o f  DWT images can be ex

ploited for efficient coding.

2.1.1 SPIHT

A coding algorithm developed for Discrete wavelet transform (DWT) transformed im-

8
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ages is the set partitioning in hierarchical trees algorithm (SPIHT) which has been devel

oped by Said and Pearlman in 1996 [4]. DWT followed by embedded zero-tree (EZW) 

encoding is an efficient technique for image compression. DWT o f  an image results in a 

multi-scale representation o f  the image. The input image is passed through a filter bank 

structure using the wavelet transform.

The basic SPIHT algorithm, as it has been presented by Said and Pearlman makes in

tensive use o f  dynamic data structures to exploit the self similarities. The parent-child 

relations o f  the wavelet coefficients are shown in Figure 2.2.

Figure 2.2: Illustration o f  the parent-child relation for the coefficients o f  SPIHT.

In order to exploit the self-similarities during the coding process, oriented trees o f  four 

offspring are taken for the representation o f  a wavelet transformed image. Each node o f  

the trees represents a coefficient o f  the transformed image. The levels o f  the trees consist 

o f  coefficients at the same scale. The trees are rooted at the highest scale o f  the represen-

9
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tation. The SPIHT algorithm assumes that each coefficient a ,j  is a good predictor o f the 

coefficients which are represented by the sub-tree rooted by ay. The overall procedure is 

controlled by an attribute, which gives information on the significance o f the coefficients. 

More formally, a coefficient is insignificant with respect to a threshold t  i f  its magnitude 

is smaller than 2*. Otherwise it is called significant with respect to the threshold t.

In the basic SPIHT algorithm, the coefficients o f  a wavelet transformed image are clas

sified into three sets, namely the list o f  insignificant pixels (LIP ) which contains the co

ordinates o f  those coefficients that are insignificant with respect to the current threshold t , 

the list o f  significant pixels (LSP) which contains the coordinates o f  those coefficients 

which are significant with respect to t , and the list o f  insignificant sets (LIS) which con

tains the coordinates o f  the roots o f  insignificant sub-trees. During the compression pro

cedure, the sets o f  coefficients in LIS are refined and if coefficients become significant 

they are moved from LIP to LSP. The bitstream can thus be progressively organized.

2.1.2 JPEG2000

The current image compression standard JPEG2000 [7], [8] employs an embedded cod

ing scheme using the state-of-the art compression techniques based on wavelet transform 

with optimal truncation (EBCOT), an efficient algorithm to construct the bitstream.

In JPEG2000, equally sized code blocks, which are essentially bit streams o f  data, are 

generated within each sub-band. This break-down is necessary for coefficient modeling 

and coding, and is done on a code-block-by-code-block basis. In essence, the actual com

pression is achieved by truncating and/or re-quantizing the bit streams contained in each 

code block. These bit streams are then optimally truncated using a technique known as

10
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post-compression-rate-control (PCRC).

Code blocks can be accessed independently. Their bit streams are coded with three cod

ing passes per bit plane. This process, called context modeling, is used to assign informa

tion about the importance o f each individual coefficient bit. The code blocks can then be 

grouped according to their significance. On the decoding side it is then possible to extract 

information according to its significance, allowing the most significant information to be 

decoded first.

Tiles or images are further partitioned into precincts. Precincts contain a number o f  

code blocks, and are used to facilitate access to a specific area within an image in order to 

process this area in a different way, or to decode only a specific area o f  an image. The 

JPEG2000 bitstream is generated by arranging code blocks or precincts into an array o f  

packets with the lower sub-bands coming first. The JPEG2000 stream starts with a main 

header containing information such as: uncompressed image size, tile size, number o f  

components, bit depth o f  components, coding style, transform levels, progression order, 

number o f  layers, code block size, wavelet filter type, quantization level, etc. The entire 

image data, grouped in code blocks o f  LL, HL, LH, and HH sub-bands, follows the 

header. Data is not contained in the header information. Also, a table o f  contents can be 

stored on the encoder side, and allows a decoder to call up a certain resolution on de

mand, without first having to decode or download the entire JPEG2000 code stream.

In our work, the original images are first encoded by JPEG2000 or SPIHT encoder. In 

order to make our system standard compatible, we make no change to the organization o f  

the source coded bitstream. To obtain the distortion o f each packet required as the input

11
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for rate allocation algorithm, we just trace the organization o f  the bitstream, so the data in 

the packet can be mapped into the coefficients in the transform domain. Here we do not 

have to decode the bitstream. From the transform domain, we can easily calculate the dis

tortion values by finding the mean squared error (MSE) o f  the truncated bitstream trans

lated back to the coefficients in the transform domain. For JPEG2000 algorithm, each 

code block provides the distortion value at any truncation point within the code block. 

Taking advantage o f  this information, we can obtain the distortion o f  the packet by add

ing up the distortion values for all the previous code blocks and the correctly received bits 

o f  the current code block.

2.2 Channel Codes

2.2.1 LDPC codes

LDPC codes were invented by Robert Gallager in his PhD thesis [9] and rediscovered 

several times for the next 30 years [10],[11].

LDPC codes are linear block codes obtained from sparse bipartite graphs (called Tanner 

graphs). Suppose that G is a graph with n left nodes (called message or bit nodes) and r 

right nodes (called check nodes). In this work we are focused on binary codes. The graph 

gives rise to a linear code o f  block length n and dimension at least n-r in the following 

way: The n coordinates o f  the codewords are associated with the n message nodes. The 

codewords are those vectors (c\, . . . ,  cn) such that for all check nodes the sum o f  the 

neighboring positions among the message nodes is zero. Figure 2.3 illustrates an example 

o f  the Tanner graph.

12

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 2.3: Tanner graph o f  LDPC codes.

The graph representation is analogous to a matrix representation by looking at the adja

cency matrix o f  the graph: let H  be a binary r * n matrix in which the entry (/; j )  is 1 if  

and only i f  the /th check node is connected to the y'th message node in the graph. Then the 

LDPC code defined by the graph is the set o f vectors c = (ci, ..., cn) such that H  ■ cT =  0. 

The matrix H  is called a parity check matrix for the code. Conversely, any binary r *n 

matrix gives rise to a bipartite graph between n message and r  check nodes, and the code 

defined as the null space o f  H  is precisely the code associated to this graph. Therefore, 

any linear code has a representation as a code associated to a bipartite graph (note that 

this graph is not uniquely defined by the code). However, not every binary linear code 

has a representation by a sparse bipartite graph. If it does, then the code is called a low- 

density parity-check (LDPC) code. The sparsity o f  the graph structure is the key property 

that allows for efficient decoding o f  LDPC codes using iterative decoding algorithm [10] 

and [12].

A  Tanner graph o f  LDPC codes is called regular i f  every message node is connected to

13
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equal number o f  check nodes and every check node is connected to equal number o f  mes

sage nodes. Otherwise, the LDPC codes are called irregular. An ensemble o f  LDPC 

codes is determined by degree distribution pairs. The degree distribution o f  message 

nodes is defined as:

dT"
A(x) -  ^  AfX1, where At is the fraction o f  message nodes with degree i, is the

!>1

largest entry o f  all the message nodes. Likewise, the degree distribution o f  check nodes is 

defined as:

pipe) -  PjX' , where p i is the fraction o f  check nodes with degree i, d'm* is the larg-
i> 2

est entry o f  all the check nodes.

Similar to turbo codes, LDPC codes with iterative decoding provide very good per

formance over a variety o f  channels with reasonably low complexity. (For more informa

tion on LDPC codes and iterative decoding, the reader is referred to [12] and the refer

ences therein.) In particular, irregular LDPC codes [13] are known to outperform regular 

codes and turbo codes and to approach the capacity o f  several channels at large block 

lengths [13]. Moreover, compared with turbo Codes, LDPC codes exhibit several other 

advantages [12], [13]: i) Iterative decoding algorithms for LDPC codes are parallelizable 

and can be realized at much faster speed than turbo decoders, ii) Almost all the errors are 

detectable. The only drawback o f  LDPC codes is its encoding complexity. The encoding 

complexity o f  LDPC codes is in general quadratic in n.

14
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2.2.2 RC-LDPC codes

RC-LDPC codes [1] are an embedded sequence o f LDPC codes. They inherit the ad

vantages o f  LDPC codes and provide extra advantages. A single encoder and decoder can 

be used for them. We use a particular construction for RC-LDPC codes that can accom

modate irregular degree distributions, linear-time encodability. RC-LDPC codes are 

based on progressive-edge-growth (PEG) [14] construction which is one o f  the best 

known constructions for short LDPC codes.

Our RC-LDPC codes are irregular and are constructed by PEG algorithm based on the 

construction o f  [1]. Similar to turbo codes and IRA codes, our codes are linear-time en- 

codable, because o f  the lower-triangular format o f  the H  matrix. Moreover, because o f  

rate-compatibility, they can all be easily decoded using the decoder for the lowest rate 

code and by substituting the missing parity bits with erasures [1]. PEG construction is 

known to generate very good irregular LDPC codes at finite block lengths if  used with 

symbol-node degree distributions optimized by density evolution [12], [13].

In the context o f  progressive coding, the source encoder’s bit stream has a hierarchical 

organization such that bits are ordered in terms o f their importance. A better result can 

then be obtained using unequal error protection (UEP) [2], [3], [15]-[20]. An attractive 

framework for application o f  UEP is to use rate-compatible (RC) codes, where the parity 

bits for higher rate codes are embedded in those o f  lower rate codes. One o f  the main ad

vantages o f  using RC schemes is that all the codes in the sequence can be encoded and 

decoded using a single encoder/decoder pair. In [15]-[20], RC punctured convolutional 

codes (RCPC) are used for transmission o f  progressively coded images, while in [20], [2] 

and [3], Reed-Solomon codes, RC turbo codes (RCTC) and irregular repeat-accumulate

15
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(IRA) codes are employed, respectively.

2.2.2.1 PEG Construction

The mother code matrix and the extension matrix are constructed with linear-time 

PEG construction [1], W e know that a cycle is a closed path that begins with a node and 

ends with itself. The girth o f  a graph is defined as the number o f edges o f  the shortest cy

cle in the graph. An efficient method for constructing Tanner graphs with a large average 

girth, in a greedy sense, is PEG construction. It is important to have graphs with good 

girth distributions as iterative decoding algorithms perform better on such graphs [21]. 

The edges between the message nodes and the check nodes are progressively established 

between bit nodes and check nodes o f  the Tanner graph in an edge-by-edge manner.

In fact, constructing a Tanner graph with the largest possible girth is a rather difficult 

combinatorial problem, and thus we have to look for sub-optimal algorithms that are fea

sible in practice and construct a Tanner graph with a relatively large girth. The PEG algo

rithm is one such algorithm that maximizes the local girth o f  a symbol node whenever a 

new edge is added to this symbol node.

2.2.2.2 Encoding and Decoding of LDPC 

Codes

One o f  the drawbacks o f  LDPC codes is the encoding complexity. The problem is over

come in our RC-LDPC codes. The parity check matrix o f  our LDPC codes is organized in
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lower-triangular format so that the LDPC codes are linear-time encodable. From the par

ity check matrix o f  our RC-LDPC codes, we know that it is just in the shape o f  lower- 

triangular format. This is another advantage o f  our RC-LDPC codes: the simple encoding 

process.

First, we start by describing a general class o f  decoding algorithms for LDPC codes. 

These algorithms are called message passing algorithms, and are iterative algorithms. The 

reason for their name is that at each round o f  the algorithm, messages, are passed from 

message nodes to check nodes, and from check nodes back to message nodes. The mes

sages from message nodes to check nodes are computed based on the observed value o f  

the message node and the messages passed from the neighboring check nodes to that 

message node. An important aspect is that the message that is sent from a message node v 

to a check node c  must not take into account the message sent in the previous round from 

c to v. The same is true for messages passed from check nodes to message nodes. One 

important message passing algorithms is the belief propagation (BP) algorithm [10]. This 

algorithm was first presented by Gallager [9]. The messages passed along the edges in 

this algorithm are probabilities, or beliefs. More precisely, the message passed from a 

message node v  to a check node c is the probability that v has a certain value given the 

observed value o f  that message node, and all the values communicated to v in the prior 

round from check nodes incident to v other than c. On the other hand, the message passed 

from c to v has the probability that v has a certain value given all the messages passed to c 

in the previous round from message nodes other than v. It is easy to derive formulas for 

these probabilities under a certain assumption called independence assumption. It is ad

vantageous in the sense o f  computation complexity to work with likelihoods, or some-

17
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times even log-likelihoods instead o f  probabilities. The iterative decoding procedure 

stops when the codeword satisfies the check constraints or the maximum number o f  itera

tion is reached.

2.2,23 General Construction of RC-LDPC Codes

Different rates for RC-LDPC codes [1] are obtained by puncturing and extending a 

mother code whose rate is carefully selected.
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Figure 2.4: General Construction o f  the parity-check matrices for the mother 

code and extended codes in the sequence o f  RC-LDPC codes
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We first construct a mother code and then generate the lower rates by extending the 

parity-check matrix o f the mother code and the higher rates by puncturing. The rate selec

tion for the mother code and different levels o f  puncturing and extending should be per

formed carefully. To explain the construction o f  RC-LDPC codes, let us look at the par

ity-check matrix H  (m x n) o f  the code in Figure 2.4. From Figure 2.4, we know that H  is 

composed o f  mother code matrix (m\ x m ), extension matrix hext (I  x I) and identity ma

trix (I x I). The mother code matrix provides the basic rates o f  the code. Based on the rate 

o f  mother code, puncturing and extension can be applied to the mother code matrix to 

generate the desired set o f  channel coding rates.

The advantage o f RC-LDPC codes comes from the embedded structure o f  the codes. 

Only one decoder is necessary. To decode the codeword with different rates, we simply 

substitute the puncturing and/or extension bits for erasure and decode it with the decoder 

that corresponds to the lowest rate. The embedded structure could also maximize the 

throughput for a type-II hybrid ARQ scheme. RC-LDPC codes in [1] are optimized and 

the throughput is maximized based on AWGN channel. In our work, we optimize RC- 

LDPC codes for BSC and Rayleigh fading channels and apply them on to progressively 

coded images.

19
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Chapter 3

Rate-Allocation Algorithm

3.1 Background

Equal error protection (EEP) allocates code protection to all the parts o f  the bitstream 

regardless o f the contribution o f  each part to the quality o f  the image. The bitstream o f  

progressively coded image, such as those generated SPIHT and JPEG2000, is organized 

such that the contribution o f  each part is different. So unequal error protection (UEP) is 

desirable for robust transmission o f  progressively coded images over noisy channels [2], 

[15], [22] and [23]. The problem o f  rate allocation, which is in the heart o f  such joint 

source-channel coding scenarios can, in principle, be broken into two sub problems: i) 

optimal division o f  the total available bit budget for the transmission o f  image between 

source and channel coding; and ii) optimal assignment o f  the channel coding share o f  the 

bit budget among source packets. The two optimizations can be performed jointly with a 

variety o f  cost functions. Two well-known cost functions are average mean squared error 

(MSE) distortion (or equivalently, average PSNR), and the average number o f  correctly 

received source bits [22], [23]. Following [22], we refer to the corresponding optimal so

lutions as distortion-based optimal and rate-based optimal (or briefly, distortion optimal

20

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



and rate optimal). In [23], Chande and Farvardin proposed a dynamic programming ap

proach for finding the distortion and rate optimal solutions. Their algorithm has a com- 

plexity o f  0 ( N )  and 0(N ) for the two cases, respectively, where N  is the number o f  

transmitted packets. While the rate optimal solution has a lower complexity and enjoys 

other advantages such as independence from the image and from the source coder per

formance, it can result in significant performance loss compared to the distortion optimal 

solution [22] (in an example o f  [22], up to 3dB degradation in PSNR for a JPEG2000 

coded image is reported). Nosratinia et al. [15] developed a parametric approach to solve 

the rate allocation problem that produced a distortion optimal solution. Their approach 

which is based on creating an empirical model for bit error rate is generally less complex 

than non-parametric methods. Hamzaoui et al. [22] proposed a suboptimal approach for 

finding the distortion optimal solution to reduce the complexity o f  Chande et a l.’s algo

rithm. Their approach, which starts from a rate optimal solution, performs a local search 

and converges to a locally distortion optimal solution. For the tested images, degradation 

in PSNR within only about 0.3dB compared to the distortion optimal solution is reported. 

A variation o f  this approach has also been used in a very recent paper by Lan et al. [2], 

Another suboptimal approach for finding the distortion optimal solution based on the 

Viterbi algorithm (VA) (forward dynamic programming) was presented in [1]. For the

cases where code rates have a common numerator or denominator,1 the VA has also a

• 2  * •complexity o f  0 ( N ). In fact, according to the results o f  [3], if  the number o f  possible

channel coding rates is small, the complexity o f  the VA o f  [2] is comparable with that o f

1 Note that these conditions should not be viewed as serious constraints on the channel code construction. 
In fact, for many instances o f  rate compatible codes, these conditions are natural consequences o f  the code 
construction (see, e.g., [1], [2]).
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the local search o f [22], It is only when the number o f  rates increases that the complexity 

o f  the latter tends to be lower than that o f  the former. The VA o f [1] performs similarly to 

the local search o f  [22] (see [3], [22]).

In this work, we simplify the algorithm o f  [2] by significantly reducing the number o f  

branches on the search trellis. While these simplifications have little to no effect on the 

performance o f  the rate-allocation algorithm, they reduce its complexity substantially (in 

our examples, by nearly three orders o f  magnitude).

3.2 Improved Rate-Allocation Algorithm

We simplify the search trellis in four ways. First, we observe that the optimal solution 

to subproblem (i), i.e., the optimal ratio o f  bit budgets for source and channel coding, is 

rather insensitive to the compressed image and the total bit budget, and is mainly a func

tion o f  the channel parameter. This observation can significantly reduce the number o f  

candidate final nodes on the trellis. Secondly, we show that there are branches on the trel

lis that will never have the chance o f  being on the survivor path for the VA. By trimming 

these branches, we further simplify the trellis. Thirdly, we also reduce the number o f  

branches emanating from a node from M, the number o f  channel coding rates, to M ’ <  M. 

This is performed based on the error rate curves o f  the channel codes and that, for a given 

channel parameter, only a few o f  the codes can be useful in providing proper protection 

efficiently. Because in the full search the number o f  branches on the trellis increases 

quadratically with M, this modification will also considerably reduce the search complex

ity. Finally, more simplification is possible by limiting our search to rate allocations with 

non-decreasing rates.
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To explain our rate-allocation algorithm, we use similar assumptions as in [2], We con

sider transmission o f  progressively coded images over a binary symmetric channel (BSC) 

with parameter a, known to both transmitter and receiver. A  set o f channel codes with 

rates r = {r} , ... , r^} is used to protect the source packets. We specify the available total 

bit budget, B. The rate-allocation algorithm at the transmitter is responsible for finding 

the distortion optimal solution by dividing B between source and channel encoders and by 

assigning optimal rates to each source packet to minimize the average distortion. At the 

receiver, the packets are received and decoded and the image is reconstructed with in

creasing accuracy as more packets arrive. We assume that the system is able to detect er

rors and that we discard the first erroneous packet and all subsequent packets. Assuming 

that the number o f  transmitted packets is N, the rate-allocation algorithm assigns rates Ri, 

. . . ,  Rn to the packets, where R ,e r , \ f i . The cost function (average distortion) is given by

D = D0Px + J j DnP ^ Y \ { \ - P i) + DNf \ { \ - P l) (3 .1)
n =1 /=1 i=l

where Dn is the distortion (mean squared error (MSE)) associated with the erroneous 

(«+ i)th  packet (assuming all the previous packets have been received correctly), and Pf 

is the error probability o f  the / th packet, which is the word error rate (WER) o f  the chan

nel code with rate Rt. The image encoder supplies values for Dn while the WER curves 

o f  the channel codes yield values for P,.

One may packetize the source output and construct the transmitted packets using two 

approaches. In the first, source packets have all the same length and thus the lengths o f  

the packets after channel coding would be different [15], [23]. In the second approach, 

transmitted packets have all the same length (L/ = ... = Ln = L) and thus depending on
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the channel coding rate, source packets would have different lengths [2], [3], [22], A l

though the algorithm o f  [2] has been designed for the latter scenario, we notice that one 

may apply it equally effectively to the former. The only difference is that the final nodes 

o f  the search trellis will occur at different levels, as shown in Figure 3.1 (a).

Suppose that the channel codes have all the same information block length k, where k 

is an integer multiple o f  an integer number I, i.e., k = d  x I. In this case, the source 

packets all have the same length k -  S, where 5 represents the overhead required for 

transmitting side information such as the rate o f  the next packet to the receiver and error 

detection if  the error correcting codes do not have that capability. Assume also that the 

block lengths for all the channel codes are integer multiples o f  I, i.e., nl =  /, x /. The 

rates for channel codes are thus r, = k/n, = d/lt.2 Based on the approach in [1], to mini-

N

mize (3.1) with the constraint ^  Lt = B , we construct a trellis such that each section o f
i=l

the trellis represents a transmitted packet. Branches represent different code rates (R,) 

and nodes (states) represent the number o f  coded bits. To each node at level / o f  the trel-

i
lis, we assign an integer number St =  ^ /„, , where e  {l,...,M }, and refer to this

7=1

number as the state index for the node. Clearly all the nodes at a given level o f  the trellis 

represent the same number o f  source bits. We terminate the construction o f  the trellis at 

a node U  i f  the total bit budget is fully consumed or i f  the remaining budget is not 

enough to send another packet (<k). In this case, node U  is referred to as a fin a l node o f  

the trellis. Figure 3.1(a) shows a simple example o f  such a trellis for r = {2/2, 2/4, 2/5,

2 The case where the rates have a common denominator, instead o f  a common numerator, has been dis
cussed in [2]. Although in this paper we consider rates with a common numerator, a similar treatment can 
also be applied to the other case.
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2/6, 2/7}. In this example, d =  2; /;=2,7^=4, 7.3=5, 7/=6, /j=7; and we assume that the total 

bit budget is 9k. There are two final nodes with indices 17 and 18 at each level o f  the 

trellis starting from level 3 and beyond.

After the construction o f  the trellis, the VA is applied to the trellis. The forward pass o f  

the VA consists o f  computing the average distortion o f  (3.1) for each incoming branch to 

a node and then selecting the branch with the minimum distortion. After the whole trellis 

is processed one level at a time, the algorithm selects the final node with the minimum 

distortion. The trellis level at which this node is located equals the optimal number o f  

packets (V*), from which the optimal allocated number o f source bits (N*(k-S)) and the 

source compression ratio can be determined. We find the optimal channel coding rates by 

tracing back the survivor path for this particular node.

The complexity o f  the VA is proportional to the number o f  trellis branches. In the fol

lowing, we show that the number o f  trellis branches can be significantly reduced at no 

cost in performance. We explain the trimming process o f  the trellis in four steps. In gen

eral, in the trimming process, when a node is eliminated, all the incoming branches will 

be trimmed and when all the outgoing branches o f  a node are trimmed, then the node will 

be eliminated.
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W ithin constrained 
range of inequality 

(3.2)

Figure 3.1: Illustration o f  the process o f  trimming the trellis
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First, we demonstrate that only the candidate (final) nodes in a small number o f  trellis 

levels need to be tested to obtain the one with the minimum distortion. Suppose that for a 

particular instance o f  the rate-allocation problem we know the optimal ratio (a) o f  the 

number o f  source bits (kN) to the total bit budget (B). Assuming that aB  is divisible by k, 

we can easily calculate the optimal number o f  packets by N* = aB/k, thereby limiting the 

search to only the candidate nodes at a single level o f  the trellis. In the following section 

we obtain an empirical estimate for a which is only a function o f  the channel parameter 

and is independent o f  the image and the total bit budget. Knowing the channel parameter 

e, we can thus easily obtain this estimate, a ( s )  (which will be given later), and then use 

the following inequality

(a(£) - n , ) B  ; ; (5(g) + nu )B
k k

to limit the search for the candidate nodes. In inequality (3.2), parameters rji and rju repre

sent the estimation error, and are determined empirically. We subsequently show that 

only few trellis levels (in our examples at most 3) satisfy inequality (3.2) and need to be 

checked. Figure 3.1 (b) shows how to trim the search trellis o f Figure 3.1 (a) using this 

constraint.

The next step in trimming the trellis involves removing some o f  the branches that have 

no chance o f  being part o f  the survivor path. For this, we use the following lemma.

Lemma 1: Consider two paths on the trellis starting from a common node U  and end

ing at final nodes Vtj and Va, both at level i o f  the trellis. If the rates for all the branches 

o f the path between U  and Vu are less than or equal to the corresponding rates o f  the path 

between U  and F^, then the latter path cannot be part o f  the final survivor path.
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The proof o f Lemma 1 follows from the observation that the source packets on the path 

between U  and Vu are on average better protected and thus result in lower average distor

tion compared with the path between U  and Vt2. If the situation described in Lemma 1 

occurs, we say that the path between U  and Vu dominates the path between U  and V,2. 

The following proposition enables one to trim some incoming branches to the final nodes.

Proposition 1: For an incoming branch e to a final node on the trellis, if  all the paths 

which include e are dominated by other paths on the trellis then e can not be part o f  the 

survivor path and may be trimmed.

Proposition 1 in fact applies to any branch o f  the trellis. However while testing the con

dition o f Proposition 1 for incoming branches to final nodes is rather simple (as we will 

see in the following), for intermediate branches it can be a tedious task.

Consider a trellis construction similar to Figure 3.1 (a), where the channel coding rates 

for the outgoing branches from each node are ordered from the top to the bottom accord

ing to their denominators. In such a construction, the state indices at each level o f  the trel

lis are also similarly ordered (i.e., i f  Sy < Stk at level i o f  the trellis, then the node with in

dex Sjj is located at the top o f  the one with index 5)*). Let Q. denote the set o f  trellis levels 

that satisfy (3.2). For ev e ry /'e Q , we consider all the incoming branches to the final 

nodes at level /'. For each such branch e= (U \U ), if  there exists another branch e ’ with the 

same initial node U ’ but with the end node V having a larger index than that o f  U  (V  is 

positioned below U  in the trellis), then one may trim e according to Proposition 1. If  a 

branch with the property o f  e ’ can not be found, we extend the search to level z-2 by test

ing the set o f  all the two-branch paths iff2, with each path consisting o f  e ”  and e, where 

e ’ ’ belongs to the set o f incoming branches to U \  At this stage o f  the search if  for every
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path 71 in y/2  we can find a two-branch path that dominates k  (graphically, this path must 

be positioned on or below n on the trellis), then one may use Proposition 1 to trim e. If a 

dominating path does not exist for any o f  the paths in iff2 then the search should extend to 

level i-3 for that path. This continues until we reach the root o f  the trellis. I f by then we 

are able to find dominating paths for all the paths that include e, then e  can be trimmed 

according to Proposition 1. Let 5) = {S,i, ...,Sui} denote the set o f  the indices for the final 

nodes at level /, with Sn > Sij, VSV. e  Si \ Sj]. At each level the trimming process tends to

eliminate more branches from final nodes with lower indices. In many cases, all the 

branches o f some o f  these nodes and thus the nodes themselves are trimmed, and quite 

often, just the node with index Su will survive.

Figure 3.1 (c) illustrates the application o f  this process to further simplify the search 

trellis in Figure 3.1 (b). Two final nodes exist at each o f  levels 4 and 5 o f  the trellis in 

Figure 3.1 (b). Note that five incoming branches lead to the node with index 17 at level 4. 

O f these five branches the three middle ones are trimmed at level 3. In order to trim the 

other two, one needs to trace their paths to the root o f  the trellis. After all its incoming 

branches have been trimmed node 17 at level 4 will be removed. In addition, after all the 

outgoing branches o f  node 15 at level 3 are trimmed, node 15 itself and its incoming 

branches will be eliminated. This in turn leads to the removal o f  node 13 at level 2 and all 

its incoming branches.

In our example o f  next section, by applying Proposition 1, all but one final node at each 

level o f the trellis is always trimmed (similar to Figure 3.1 (c)).

In addition to the foregoing two simplifications, we may further reduce the complexity 

o f  the search trellis by noticing that for a given channel parameter only a small number
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M ’ o f  the M  available channel codes are useful in an optimal rate-allocation scheme. 

These codes have adjacent rates. The highest rate is the largest o f  those having a WER 

less than one while the lowest rate is the largest o f  those having a WER below a certain 

small positive value P*. Based on our simulation results, choosing / 1*=10‘4 results in no 

degradation in performance as WERs below 1 O'4 are effectively equivalent to zero error 

probability in the calculation o f PSNR. Figure 3.1 (d) demonstrates the application o f  this 

constraint to further trim the trellis o f  Figure 3.1 (c), assuming that only the channel 

codes with rates 2/4 and 2/5 have been used.

Finally, assuming that the optimal channel coding rates for the transmission o f  suc

cessive source packets are non-decreasing,3 we can further simplify the trellis by trim

ming all the emanating branches o f  every node that have rates smaller than the minimum 

rate o f  the incoming branches to the node. Figure 3.1 (e) displays the result o f  applying 

this process to Figure 3.1 (d).

It should be noted that all the simplifications to the search trellis explained in this 

section are applied only once and off-line. The four steps o f  our rate-allocation algorithm 

can be implemented at the same time and the order o f  them can be switched. The simpli

fied trellis will then be used for rate-allocation using the VA.

3 [15] proves that under certain assumptions the optimal rates are in fact non-decreasing. Also [22] shows 
that the distortion optimal rate allocation with the constraint o f  non-decreasing rates, which the authors call 
the “constrained distortion optimal” solution, performs effectively the same as the unconstrained solution.
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3.3 Performance of the Fast Trellis-Based 

Rate-Allocation Algorithm

In our simulations, we use a sequence o f  channel codes with rates 8/8, 8/10, 8/11, 8/12, 

8/13, 8/15, 8/16, 8/18, 8/20 and 8/22, and with information block length o f  k =  3072 = 8 x 

384 bits. Figure 3.2 shows the WER curves for these codes over BSC.4 5Similar to [2], we  

use the standard 512 x 512 8-bit monochrome “Lena”, “Goldhill” and “Barbara” images 

to carry out simulations having total bit budgets o f 0.252 bit per pixel (bpp), 0.505 bpp 

and 0.994 bpp. We use the standard JPEG2000 compression software and apply the same 

algorithm as in [2] to find the optimal rate-allocation for the three images under various 

transmission bit budgets and crossover probabilities o f  the BSC. Figure 3.3 shows the op

timal ratio o f  the source to total bit budgets for the nine combinations o f  images and total 

bit budgets.

4 These codes are in fact rate-compatible low-density parity-check (LDPC) codes optimized for BSC [14]. 
Under the same conditions these codes outperform similar schemes based on turbo codes [2] and irregular 
repeat-accumulate codes [3] by up to 1.1 dB and 1 dB in PSNR for transmission o f  JPEG2000 images, re
spectively [24]. These improvements in performance, however, are irrelevant to our work in this chapter.
5 1 will explain the construction o f  these codes in more detail in Section 4.2.
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Figure 3.2: The WER curves o f  the channel codes over a BSC channel 

As one can see in Figure 3.3, the nine curves are very close for any given value o f  s. 

Accordingly, we use the average o f the nine curves as the estimate a { s ) . The solid line in 

Figure 3.3 represents this average. Using Figure 3.3, we conservatively choose /// = //« = 

0.015. Using these values, the range o f  (3.2) for N*, which is equal to (tj/ + rju )B/k, is up

per bounded by 2.54 for the image sizes and the total bit budgets under consideration. 

(This upper bound is obtained by B = 0.994 x 512 x 512.) Thus, the trellis levels that 

contain the final candidate nodes are limited to at most only three regardless o f  the image, 

the total bit budget and the channel parameter. Note that although the actual levels do de-
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pend on the channel parameter and the total bit budget they are independent o f  the image.
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Figure 3.3: Optimal ratio o f  source bit budget to total bit budget for JPEG2000 algo

rithm

If different bit budgets are used or i f  the channel parameter changes during the transmis

sion o f  images, one may store the simplified trellises for different cases in memory and 

use them accordingly.

In our example, the application o f  Proposition 1 eliminates all but one final node at 

each level o f  the trellis. Application o f  (3.2) and Proposition 1 together reduces the num

ber o f  branches on the search trellis by up to two orders o f  magnitude with no loss in per

formance.

Average ratio 
"lena"; 0.252 bpp 
"goldhill”; 0.252 bpp 
"barbara”; 0.252 bpp 
"lena"; 0.505 bpp 
"goldhill"; 0.505 bpp 
"barbara"; 0.505 bpp 
"lena"; 0.994 bpp 
"goldhill"; 0.994 bpp 
"barbara"; 0.994 bpp
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Table 3.1: Speed-up factors o f  the proposed rate-allocation algorithm compared with that

 ________________________ 21m ____________________________________

Total Bit 
Budget

Speed-up factor
Channel Parameter (s)

0.01 0.03 0.05 0.08 0.1
0.252 bpp 289.05 227.60 235.31 261.75 317.27
0.505 bpp 364.26 249.67 277.84 329.19 467.79
0.994 bpp 772.26 683.15 696.39 719.11 837.83

Table 3.1 shows the speed-up factors o f  our algorithm compared with that o f  [2]. In ad

dition to Proposition 1 and inequality (3.2), we have also incorporated the nondecreasing 

rate constraint and have allowed only M ’ (< M= 10) rates for each node. As an example, 

Figure 3.2 shows that for e =  0.08, only the channel codes with rates 8/15, 8/16 and 8/18 

satisfy the constraints explained in the previous section and thus M — 3 instead o f  10. Ta

ble 3.1 illustrates that our modified algorithm yields speed improvements up to a factor o f  

838 compared to the algorithm o f  [2]. As expected, the improvement increases by the to

tal bit budget. Note that the improvement in speed is achieved at no cost in performance. 

In fact, for all the tested cases, our simplified trellis yields the same result as the one ob

tained from the full-search trellis.

In order to compare the contribution o f  (3.2) with that o f  the other three steps to the 

speed-up factor, we only apply the last three steps for simplifying the rate allocation 

scheme. As a result, we achieve speed-up factor o f  39.76 for 0.994 bpp and s  o f  0.1 

compared to 837.83.

To show the general applicability o f  our approach, we also tested 512 x 512 8-bit 

monochrome images o f  “Peppers”, “Boat”, “Mandrill”, “Zelda”, and “W ashsaf’ under
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different total bit budget constraints and channel conditions. In each case, the rate- 

allocation result o f  our reduced search was the same as that o f the full search.
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0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09
The crossover probability of BSC(e)

Figure 3.4: Average optimal ratio o f  source bit budget to total bit budget for JPEG2000 

and SPIHT algorithms

We also repeated the same experiments using SPIHT as the source coding scheme and 

obtained similar results to those reported here. The average optimal ratio o f  source to to

tal bit budget for SPIHT ( 5 (e )  s p i h t )  is very close to that o f JPEG2000 ( 5 (e )  j^), as 

demonstrated in Figure 3.4. Using 5 ( e ) =  (5(e)spiHT+ 5(e)jp2)/2 and tji = tju =  0.018, 

we may apply the same simplified search trellis to images compressed by either algorithm 

with no degradation o f  performance.
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Chapter 4

Joint Source and Channel Coding 

over BSC with FEC

4.1 Introduction

Progressive image transmission [15], [16] and [17] is particularly desirable when 

transmitting images over internet and wireless channels since the bit stream can be de

coded as it arrives, providing a continually improving approximation to the decoded data. 

However, such bit streams o f  the state-of-the-art progressive image coding algorithms are 

very sensitive to the bit errors in the presence o f  a noisy channel due to the propagation o f  

errors at the decoder. As a result, channel coding should be employed to protect the bit 

stream against channel errors. As we discussed in Section 3.1, source and channel coding 

have been addressed as independent problems. However, when the constraints o f  practi

cal communications systems are considered, it is often possible to find a better solution if  

an end-to-end framework in which the source/channel coding problem is solved jointly, is 

used. In such frameworks, typically, a rate allocation scheme is used to distribute the 

available total rate between the source and the channel encoders, in order to optimize
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some desired performance measure under a specific channel condition, see, e.g., [2], [3], 

[15], [16]-[19].

Application o f  UEP to JPEG2000 bit streams over error-prone channels have been stud

ied in [2], [16]-[20]. In particular, in [2], RCTCs have been employed and shown to pro

vide improvements up to 1.6 dB in expected PSNR o f  reconstructed images over the 

similar results o f  [16] (based on RCPC codes). Lan et a l [3] have further improved the 

results o f [2] by using IRA codes. IRA codes are an example o f  LDPC codes [9]. In this 

work, we study the application o f  another construction o f  LDPC codes to the transmis

sion o f  JPEG2000 compressed images.

To compare our results with those o f  [2] and [3], we make similar assumptions. In par

ticular, w e consider the transmission o f  JPEG2000 images over binary symmetric chan

nels (BSC). We also use the same rate-allocation algorithm as the one in [2] and 

the same images as those in [2] and [3].

As we have discussed in Section 3.2, in our proposed scheme the JPEG2000 encoded 

bit stream is partitioned into blocks o f  equal length. Through the rate-allocation algorithm, 

each block will then be assigned a certain channel coding rate and will be encoded ac

cordingly. Different transmitted packets will thus have different lengths. At the receiver, 

the received packets are decoded and for each packet i f  no error is detected, the informa

tion block is extracted for the reconstruction o f  the image. Following [2] and [3], we as

sume that when the first packet error is detected, the remaining packets following the er

roneous one will be discarded even though they may be correctly decoded. This is done 

to avoid the propagation o f  error to the remaining packets. Furthermore, the data in one 

packet is considered as a whole, i.e., the whole packet will be discarded even if  there is
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only one bit in error. This implies that in our study the word error rate (WER) perform

ance o f the channel codes is o f  main importance.

The construction o f our RC-LDPC codes follows the same rules as those presented in 

Chapter 2.

4.2 System Analysis

Fig. 4.1 shows us the system structure o f  FEC system. The image after being encoded 

by JPEG2000 or SPIHT algorithm, becomes a progressively organized bitstream. The 

bitstream is simply partitioned into blocks with equal length. The rate-allocation algo

rithm then assigns the proper rates o f  RC-LDPC codes according to the distortions o f  the 

source packets. The channel coded bitstream is transmitted over the noisy channel. The 

corrupted bitstream is detected and recovered by the RC-LDPC decoder. Finally, the im

age is reconstructed using the recovered bitstreams.

Source
RC-LDPC Encoder

D isto rtions

Rate

Output Image Data
RC-LDPC DecoderSource Decoder

Rato A llocation

Noisy Channel

Figure 4.1: Block Diagram for FEC Scheme.
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We use the same method as in [1] to construct the parity check matrices o f  RC-LDPC 

codes. The information block length o f  the RC-LDPC codes, k, is chosen to be 384 bytes 

(3072 bits). This value is determined by simulation and appears to be optimal to maxi

mize the PSNR o f  the recovered image for a wide range o f total bit budgets and channel 

parameters. An example o f the variation o f  PSNR against information block length is 

shown in Fig. 4.2 (a) for “Lena” when total bit budget is 0.252 bpp and echanges from 

0.01 to 0.1. It can be seen that for most o f  the curves the PSNR first increase with k. Then 

reach its top value at around 384 bytes. After that, the PSNR decline with k.

33
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Figure 4.2 (a): PSNR vs. information block length tk’ for “Lena”, when total bit budget

equals 0.252 bpp.
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Figure 4.2 (b): PSNR vs. information block length for “Lena”, when total bit budget

equals 0.505 bpp.

Also shown in Fig.4.2 (b) are the change o f  PSNR with ik ’ for “Lena”,when the total bit 

budget euuals 0.505 bpp. The length o f  K is chosen to achieve high PSNRs over a wide 

range o f  total bit bidget and channel parameters.

The parity check matrix o f  the mother code is o f  size 1920 x 4992. This corresponds to 

code rate 8/13. The extension matrix hext is o f  size 384 x 384. To generate parity-check 

matrices o f  our code sequence, nine matrices are obtained by extending the mother code 

and three by puncturing it (In order to do this, we have followed the same rules as in [1].
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The general format o f H  matrix o f  RC-LDPC codes is shown in Chapter 2. The H  matrix 

used in our FEC system over BSC is illustrated in Figure 4.3.

4 9 9 2  columns 3 4 5 6  columns

Paritv-Ciicck  M atr ix  o f  
Rate 8/13 (M othe r  Code)

2  CD 

“O

Is]
I s l

If::: 8 <!?::: 8

0

3 8 4  3 8 4
columns columns

0

3 8 4
columns

y
r o . . . « f -  -v

21.*** ? oA
8 •, 8 
CO •  • •  1

1 0 . . . 0
01  • • • 0

s *, :
CO •  • •  1 •

0

3 8 4
columns columns

0

I )

3 8 4  3 8 4
columns columns

Figure 4.3: Construction o f  the parity-check matrices for the mother code and extended

codes in the sequence o f  RC-LDPC codes.

Thus, the rates are 8/10, 8/11, 8 /12 ,..., 8/21, 8/22. To construct the mother code and hext,

similar to [10], we use linear-time PEG construction with the optimal symbol-node de

gree distribution. This degree distribution for a rate 0.5 code over BSC is given by [25]:

A,(x)=0.3410084x2+ 0.5538655x3+ 0 .10512598xn , (4.1)

where the powers o f  x indicate the degrees o f  the symbol nodes and the coefficients o f  x  

show the percentages o f  symbol nodes with those degrees.

From the available twelve rates, we select nine o f them so that the corresponding WER 

curves all have roughly the same distance from their neighboring curves while covering
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the desirable range o f  crossover probabilities o f  BSC, i.e., from about 0.01 to about 0.1. 

This uniform coverage by WER curves plays an important role in improving the quality 

o f  the reconstructed images for all the channel parameters in the range. The selected rates 

are: 8/10, 8/11, 8/12, 8/13, 8/15, 8/16, 8/18, 8/20, 8/22, and the corresponding codeword 

lengths are: 480, 528, 576, 624, 720, 768, 864, 960, 1056 (bytes), respectively. Including 

the rate 8/8, we thus have ten rates available for channel coding. The WER curves for the 

codes are shown in Figure 4.4 by solid lines. In Figure 4.4, we have also included the per

formance curves o f  the RCTCs o f  [2]. As can be seen, the constructed RC-LDPC codes 

provide a more uniform coverage o f  the favorable range o f  channel parameters. More

over, unlike the curves for turbo codes, the WER curves o f  LDPC codes show no sign o f  

early error floor in the simulated range o f  WERs6. Similarly, compared to the IRA codes 

o f  [3], the constructed codes perform better and also provide a more uniform coverage o f  

the favorable range o f  channel parameters.

For measuring the performance o f  the combined source and channel coding scheme, we 

use the expected PSNR, and our goal is to maximize it. This is accomplished by minimiz

ing the expected distortion o f  the reconstructed image. If the compressed bit stream o f  the 

source image is divided into N  packets for transmission, the expected distortion in Mean 

Squared Error (MSE) can be calculated using the (3.1) given in Chapter 3.

The bit stream generated by JPEG2000 encoder is first partitioned into packets o f  equal 

length L (383 bytes). An extra byte is added to each packet to inform the RC-LDPC de

6 Note that for rate 0.5, the constructed LDPC code outperforms the corresponding turbo code by more than an order o f magnitude in 
WER. This could however be at least partly due to the larger block length for the LDPC code (768 bytes vs. 517 bytes for the turbo 
code). It should be also noted that although for LDPC codes the block lengths for 8 out of 10 rates are larger than the block length for 
turbo codes o f [2], for the transmission of an image, this is not a disadvantage neither from complexity nor from delay point o f view. 
To verify this, one should note that the decoding complexity per coded bit for LDPC codes is constant and the total transmitted bits 
(total bit budget) is also a fixed value regardless of the block lengths used. The total delay for the reconstruction of the image would be 
dominated by the delay in transmission of packets, which mainly depends on the transmission rate and is independent of the block 
lengths.
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coder about the channel coding rate used for the next packet (The information block 

length k is thus equal to L + 1 bytes). The resulting packets are then coded by RC-LDPC 

codes using different rates. Depending on the channel parameter, the lowest required rate, 

known to both the transmitter and the receiver based on WER curves, is assigned to the 

first packet. When the first packet is correctly decoded, the channel decoder will obtain 

the channel coding rate and thus the block length for the next packet. This process con

tinues until an error is detected. 7 At such point, the channel decoder ignores the rest o f  

the packets.

To determine the partitioning o f  the total bit budget between the source and the channel 

encoders and to find the channel coding rate for each packet (other than the first one), we 

use a similar rate-allocation algorithm as the one in [2], With a constraint on the total bit 

budget, this algorithm minimizes the expected distortion o f  (3.1) for a given channel pa

rameter 8.

4.3 Performance of the FEC Scheme over 

BSC

The WER comparison o f  RC-LDPC codes and RCTC are given in Figure 4.4. They are 

obtained using iterative belief propagation algorithm over BSC [12]. The maximum

7
Since the RC-LDPC codes have the capability o f detecting errors, it is unnecessary to use a cyclic redundancy check (CRC) code for 

error detection. The saved bits can then be used for source encoding to improve the quality of image. This is another advantage of RC- 
LPDC codes over RCTCs. The error detection capability of RC-LDPC codes has been verified by our simulations.
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number o f iterations is set to 500,8 and similar to [2], 10,000 code words are simulated for 

each channel parameter. As WERs below io 4 are effectively equivalent to zero error 

probability in calculation o f  PSNR, the curves have been only plotted down toio-*.

8/22 
8/20 

- a -  8/18 
8 /1 6  

-* T  8 /1 5  
8 /1 3  
8/12 
8/11 
8/10 

7 '  4 /1 2  
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6/12 

if- 8/12 
O -  9 /1 2  
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A . 11/12

CC -2. LU 10 6

0.18
Crossover probability of BSC(g)

Figure 4.4: Performance o f RC-LDPC codes with information block length K = 384 bytes 

at different rates (solid lines); Performance o f  RCTCs o f  [2] with block length = 517

bytes (dotted lines).

To compare our results with those o f  [2] and [3], we use the same set o f  images as in 

[2] and [3]: 512x512 8-bit monochrome “Lena”, “Goldhill” (from USC database) and 

“Barbara” [26]. These images are encoded by JPEG2000 encoder using default options.

8 In practice, the maximum number o f iterations does not need to be this large. In fact, by reducing this number to 100, the obtained 
PSNRs, reported in Table 4.3, will only be reduced by up to about O.ldB.
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For JPEG2000 codec, we use the software provided in [27], [28], As a fair comparison 

with the results in [2], we first test our system for the capacity values and obtain the same 

results as those o f  [2], The distortion values required for the rate-allocation algorithm are 

obtained using the method explained in Section 2.1.2

The expected PSNRs for the total rates o f  0.252, 0.505 and 0.994 bpp, and channel 

crossover probabilities ranging from 0.01 to 0.1 are shown in Table 4.1. For comparison, 

the corresponding results from [2] and [3] are also listed in Table 4.1. As expected, PSNR 

increases with the increase o f  the total rate and decreases with the increase o f  the channel 

parameter. As can be seen in Table 4.1, our results outperform the results o f  [2] consis

tently, and those o f  [3] in all but four cases. For these four cases, our scheme has a degra

dation o f  up to only about 0.1 dB. The largest improvement o f  our scheme over [2] is 

1.09 dB which occurs for “Lena” at total rate o f  0.252 bpp and channel parameter £ = 

0.08. Compared to [3], the largest improvement is 0.98 dB which happens for “Barbara” 

at total rate o f 0.994 bpp and £ = 0.08.

As an upper bound on expected PSNR, for the three images, we have listed in Table 4.2 

the source PSNR at the ideal rate equal to the total rate times the capacity o f  the channel. 

This is the PSNR for the reconstructed image assuming that one can transmit information 

over the channel error-free at a rate equal to the capacity o f  the channel. The results are 

given for the total rate o f  0.994 bpp and channel parameters 0.01, 0.03, 0.08 and 0.1. It 

can be seen that the gaps to the upper bound have been greatly decreased compared to 

RCTCs and IRA codes. The smallest gap is now 0.81 dB which occurs for “Lena” at the 

channel parameter o f  0.01.
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Table 4.1: Expected PSNR (dB) for RC-LDPC codes, RCTCs and IRA Codes

Image Total Rate
Channel Channel BER (e)

Code 0.01 0.03 0.08 0.1
RC-LDPC 32.77 32.42 31.03 30.48

0.252 bpp RCTC
([2])

32.56 31.90 29.94 29.40

IRA(F31) 32.75 32.09 30.24 29.92
RC-LDPC 36.08 35.41 34.00 33.32

Lena 0.505 bpp RCTC
([2])

35.67 35.15 33.20 32.76

IRA ([3]) 36.18 35.48 33.37 33.13
RC-LDPC 39.03 38.34 36.91 36.19

0.994 bpp RCTC
([2])

38.78 37.74 36.15 35.85

IRA ([3]) 38.93 38.26 36.26 36.03
RC-LDPC 29.79 29.35 28.49 28.09

0.252 bpp RCTC
([2])

29.64 29.16 27.88 27.69

IRA ([31) 29.74 29.23 28.01 27.90
RC-LDPC 32.28 31.65 30.52 30.13

Goldhill 0.505 bpp RCTC
([2])

31.79 31.38 30.04 29.89

IRA ([3]) 32.10 31.65 30.12 29.99
RC-LDPC 35.23 34.33 32.99 32.42

0.994 bpp RCTC
([2])

34.81 34.05 32.24 32.10

IRA ([3]) 35.00 34.18 32.30 32.20
RC-LDPC 27.31 26.69 25.45 25.14

0.252 bpp RCTC
([21)

26.93 26.32 24.84 24.71

IRA ([31) 27.00 26.37 24.89 24.73
RC-LDPC 30.79 29.91 28.39 27.63

Barbara 0.5 
05 bpp

RCTC
(PI) 30.35 29.41 27.54 26.99

IRA ([31) 30.84 29.88 27.66 27.42
RC-LDPC 35.02 33.93 31.83 30.91

0.9 
94 bpp

RCTC
(PI) 34.40 33.54 30.82 30.51

IRA ([3]) 34.89 33.74 30.85 30.77
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Table 4.2: Expected PSNR (dB) for the proposed schemes based on RC-LDPC codes, 

RCTCs and IRAs, and for the error-free transmission at capacity rate (Total rate = 0.994 

bpp)

Comparison Channel BER

Image 0.01 0.03 0.08 0.1

Channel
Codes

RC-
LDPC

RCTC
m

IRA
m

RC-
LDPC

RCTC
[21

IRA
m

RC-
LDPC

RCTC
[21

IRA
[31

RC-
LDPC

RCTC
[21

IRA
[31

Proposed 39.03 38.78 38.93 38.34 37.74 38.26 36.91 36.15 36.26 36.19 35.85 36.03
Lena At Capacity 39.84 39.24 37.90 37.36

Gap 0.81 1.06 0.91 0.90 1.50 0.98 0.99 1.75 1.64 1.17 1.51 1.33
Proposed 35.23 34.81 35.00 34.33 34.05 34.18 32.99 32,24 32.30 32.42 32.1 32.20

Goldhill At Capacity 36.06 35.40 33.92 33.39
Gap 0.83 1.25 1.06 1.07 1.35 1.22 0.93 1.68 1.62 0.97 1.29 1.19

Proposed 35.02 34.40 34.89 33.93 33.54 33.74 31.83 30.82 30.85 30.91 30.51 30.77
Barbara At Capacity 36.46 35.29 33.32 32.45

Gap 1.44 2.06 1.57 1.36 1.75 1.55 1.49 2.50 2.47 1.54 1.94 1.68

In Table 4.3, we give the average and the standard deviation o f the number o f  iterations 

required for convergence o f  each packet for different images, total bit rates and channel 

parameters. As can be seen, the iterative decoding algorithm on average requires only a 

small number o f  iterations to converge (between 20 and 37; much smaller than 500). The 

decoding speed and complexity are therefore comparable with those o f  the IRA codes 

used in [3] and better than those o f  the turbo codes o f  [2] (It is shown in [3] that the de

coding complexity o f  IRA codes is lower than that o f  turbo codes o f  [2]). It is also worth 

mentioning that while our proposed codes are truly rate-compatible and therefore a single 

decoder can be used to decode them all, this is not the case for the IRA codes o f  [3].
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Table 4.3: Statistics (mean and standard deviation) o f  the number o f  iterations required 

for the convergence o f  each RC-LDPC coded packet

Image Total Rate

Channel BER (e)

0.01 0.03 0.08 0.1

Mean Standard
Deviation Mean Standard

Deviation Mean Standard
Deviation Mean Standard

Deviation

Lena

0.252 bpp 24.73 23.25 32.04 21.31 30.91 20.14 23.54 28.64

0.505 bpp 24.71 22.50 29.12 19.68 28.37 17.52 20.37 24.33

0.994 bpp 22.83 25.19 25.15 21.57 36.56 19.64 20.82 18.75

Goldhill

0.252 bpp 24.73 23.25 ■ 32.04 21.31 30.91 20.14 23.54 28.64

0.505 bpp 24.71 22.50 29.09 16.75 28.37 17.52 29.67 21.48

0.994 bpp 25.47 26.23 27.21 23.17 36.56 20.47 20.46 20.44

Barbara
0.252 bpp 24.73 23.25 32.04 21.31 30.91 20.14 23.54 28.64

0.505 bpp 24.71 22.50 29.04 18.79 33.21 18.05 29.67 21.48

0.994 bpp 26.43 26.55 25.21 27.01 36.56 25.88 20.46 20.44

4.4 Estimation Error for Channel Parameter

Table 4.4 contains expected PSNR results when there is a mismatch between the actual 

and the estimated crossover probability o f  BSC. Again following [2], the results are given

Table 4.4: Expected PSNR (dB) with mismatched BERs (Total rate = 0.994 bpp)

Image

Estimated Channel BE l/Actual Channel BER
0.01/ 0.03 0.03/ 0.01 0.08/ 0.1 0 .1 /0 .08

RC-
LDPC

RCTC

PI
RC-

LDPC
RCTC

PI
RC-

LDPC
RCTC

[21
RC-

LDPC
RCTC

[21
Lena 30.99 30.28 38.49 37.78 35.82 33.69 36.24 35.88

Goldhill 25.65 24.26 34.42 34.17 32.48 32.14 32.52 32.13
Barbara 26.07 25.51 34.12 33.65 30.19 27.91 31.17 30.55

for the total rate o f  0.994 bpp, and for four different mismatch scenarios. We also listed 

the results o f  [2] for comparison. It can be seen that in general, underestimation o f  the
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channel parameter is more deteriorating than overestimation, and can result in a few  dB 

loss in PSNR. This is due to the fact that when the channel parameter is underestimated 

the rate-allocation algorithm assigns higher rates than what is really needed to properly 

protect the packets. This under-protection o f  the packets, especially the more important 

ones at the beginning o f  the bit stream, will result in larger error rates and smaller 

PSNRs. Still, one should note that for all the cases, our scheme outperforms that o f  [2], 

with the largest improvement equal to 2.28 dB which occurs for “Barbara” when the es

timated and actual channel parameters are equal to 0.08 and 0.1, respectively.
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Chapter 5

Progressive Image Transmission 

over Fading Channels with FEC

5.1 Introduction

In the previous chapter we investigated a JSCC scheme using RC-LDPC codes over 

BSC. In this chapter we present the application o f  the proposed JSCC scheme to the fad

ing channels.

In a FEC communication system, fading channels without feedback are investigated in 

[5], [6], [15], [18] and [29]-[32] for a variety o f  fading channel models. In [15], the fad

ing channel is simulated using a Markov model. Later in [29], a combined framework 

incorporating SPIHT source encoder with CRC/RCPC channel codes is proposed for fad

ing channels which are modeled by Gilbert-Elliott two-state model. The fading channel in 

[30] is modeled as a combination o f  a packet erasure channel followed by a discrete 

channel with memory. Sanchez et al. [18] use CRC/RCTC scheme over Rayleigh fading 

channels for JPEG2000 coded images. Hybrid channel coding and packetization schemes 

for image transmission is proposed in [31], where the fading channel is again modeled as
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a Gilbert-Elliott two-state model. In [32], Stankovic defines the fading channel as a 

packet erasure channel. They simulate the channel both with a two-state Markov packet 

loss model and a concatenation o f  a packet erasure channel with a BSC channel.

In this chapter, we use the same fading model as those o f  [5] and [6], where channel is 

modeled with Rayleigh flat fading model. Stankvoic et al. [5] propose the protection o f  

SPIHT coded images using product codes. EEP is applied by combining CRC and RCPC 

codes with Read-Solomon (RS) codes. They achieve great improvement over [30]. EEP 

o f  [5] perform better than UEP at small SNR. However, when channel SNR is not that 

small, UEP achieve higher PSNR than EEP. Our proposed FEC scheme with RC-LDPC 

codes outperforms those o f  [5] and [6] over a wide range o f  channel SNR. To be more 

specific, our scheme could achieve comparable or better PSNR values than those [5] at 

small channel SNR and could get higher PSNR than those o f  [6] at large channel SNR.

5.2 System Analysis

The RC-LDPC codes are constructed using the technique given in Chapter 2. The 

source encoded bitstream is transmitted using the FEC scheme, which is described in 

Chapter 4. At the transmitter, our fast trellis-based rate-allocation algorithm is applied to 

assign the optimal channel code rates. In this chapter, compressed images are transmitted 

over fading channels (Rayleigh flat-fading channels). The channel model is presented in 

the next section.
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5.2.1 Rayleigh Fading Channel Model

In our work, we will examine our scheme over both uncorrelated and correlated 

Rayleigh flat-fading channels. We assume that the channel is a discrete-time Rayleigh 

flat-fading channel. The Rayleigh fading channel can be modeled as shown Figure 5.1.

X ,  Kg) •© ------► Yt

A  N *

Figure 5.1: Rayleigh fading model 

The output Yj o f  the channel is:

Y ^ A X ^ N ,  , (5.1) 

where X, is the channel input; N, is Gaussian random variable with zero mean and vari

ance a 2N; At is a random variable with zero mean and variance cj2̂ . All the random vari

a b l e s ^ ,^  and N j ’s are independent. The amplitude o f  the fading coefficients A  *s

2 2 Rayleigh distributed with E [ A  ] = 1 and density functionp(  Aj) =  2 At exp(- A  )•

At the LDPC decoder, the initial messages have to be set before applying iterative de

coding algorithm. For Rayleigh fading channel with side information (SI), the LDPC de

coder knows the ideal SI and the exact values o f  4  ’s are available to the decoder. Binary 

Phase Shift Keying (BPSK) is used in our system, where 1 and 0 are mapped to -1 and 1, 

respectively. Then the initial message ( q0 ) passed from the bit node to the check node is

[33]:

P ( X t = l \ Y t, A )  2 
P ( X , = - 1 \ Y „ A )  o*q0 = iog „ , v  , (5.2)
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For Rayleigh fading channel without SI (no SI is available to the decoder) we can ap

proximate q0 as given in [33]:

q * \ Yi-E[4 ]  , (5.3)

where £[4 ] =0.8862.

5.3 Performance of FEC Scheme over 

Rayleigh fading Channels

In our simulations, we use standard 512 x 512, 8 bit monochrome “Lena” image and 

model the noisy channel as Rayleigh flat-fading channel with additive white Gaussian 

noise. The information block length (k) o f  the RC-LDPC codes is 384 bytes (3072 bits). 

The mother code matrix is 1920x4992 (bits) and the extension matrix ( hext) is 384x384

(bits). The mother code matrix and extension matrix are constructed with PEG as shown 

in Fig. 4.3 with the following bit node degree distribution which is optimized by density 

evolution for rate 0.5 over uncorrelated Rayleigh fading channels with SI [33]:

A,(x)=0.292439x2+0.253636x3+0.060454x4 +0.03161x9 +0.361861x10 (5.4)

In (5.4) the powers o f  x indicate the degrees o f  the bit nodes and the coefficients o f  x 

show the percentages o f  bit nodes with those degrees.

Figure 5.2 (a) and (b) show the error-correction performance o f  RC-LDPC codes over 

uncorrelated Rayleigh fading channels. Figure 5.2 (a) gives the WER curves for the RC- 

LDPC codes for uncorrelated Rayleigh channel with SI. The codeword lengths corre-
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sponding to the rates o f  {8/8, 8/9.75, 8/9.875, 8/10, 8/10.25, 8/10.5, 8/10.75, 8/11, 8/11.5, 

8/12, 8/12.5, 8/13, 8/14, 8/15, 8/18 and 8/22} are {384, 456, 468, 474, 480, 492, 504, 

516, 528, 552, 576, 600, 624, 672, 720, 864 and 1056} (bytes). The set o f rates are cho

sen such that they are almost uniformly distributed over a wide range o f  SNR. In Figure 

5.2 (b), the WER curves are given for uncorrelated Rayleigh fading channel without SI. 

We haven’t used optimal symbol degree distributions for fading channels without SI in

stead we use the same degree distribution as in (5.4). As in the previous case (with SI), in 

total, eleven channel coding rates are available with the same information block length. 

By comparing Figure 5.2 (a) with Figure 5.2 (b), we observe that the error-correction per

formance with SI is generally better than that without SI. Due to the better knowledge o f  

the channel parameter, the WERs o f  Figure 5.2 (a) are about 3 dB better than those given 

in Figure 5.2 (b). Accordingly, the end-to-end PSNRs o f  the fading channel with SI are 

expected to be better than those o f  the fading channel without SI.

8/22 
8/18 
8/15 
8/14 
8/13 

-A- 8/125 
8/12 

-O- 8/115 
- © -  8/11 

8/10.75 
8/105 
8/10.25 

-A - 8/10 
8/9.875 

- S -  8/9.75

: : : : : : : :

10 12 14
S N R  (dB)

Figure 5.2 (a) Uncorrelated Rayleigh fading channel with SI.
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-"S'- 8/22

-£*-8/15

-A - 8/12.5

-Q- 8/11.5
8/11

- 8/10.75
- 4 -  8/10.5

- 8/10.25

-B -  8/9.75

£

12 14 1B
S N R  (d B )

Figure 5.2 (b) Uncorrelated Rayleigh fading channel without SI.

8/22 
H i- 8/20 

8/18 
H i-  8/16 
- £ -  8/15 
- 0 -  8/13 

8/12 
- 9 -  8/11 

8/10.5 
- I -  8/10

S N R  (d B )

Figure 5.2 (c) Correlated Rayleigh fading channel; Vehicle speed V = 4 m/h.
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8/18

- p - 805
- e - 8/13
- 0 - 8/12
- a - 8/11.5
- s - 8/11
— •— 8/10.5
—i— 8/10

: = rir = = r = r = :

EEEEEEEEE*EEE5|EEE

10 12 
S N R  (dB )

Figure 5.2 (d) Correlated Rayleigh fading channel; Vehicle speed V = 30 m/h.

fc = r r ::: l =T=TT£':TI'r ::::::: 1 = ::: r ::: i = r r
-9- 8/22 

8/1B 
8 /1 5  
8/13

- e -  8/12
—  - 8 /1 1 .5  

8/11 
8 /1 0 .5  

- t -  8/10

EEEEEEEr:

S N R  (dB )

(e) Correlated Rayleigh fading channel; Vehicle speed V = 70 m/h .

Figure 5.2: WER curves o f  RC-LDPC codes for different Rayleigh fading channels; K 

384 bytes
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We also show the WER curves for correlated Rayleigh fading channels in Fig 5.2 (c) - 

(e). We also use the same degree distribution as (5.4) and the results are obtained assum

ing perfect SI. In this experiment, the correlated Rayleigh fading channels are simulated 

using Jakes’ model [34]. The carrier frequency is set as 900 MHz and the source rate is 

assumed to be 9.6 kb/s. The typical mobile speeds o f 4 m/h, 30 m/h and 70 m/h are

tested. The corresponding normalized Doppler shifts ( f d) are 1.85*1 O’4, 1.39*1 O'4 and

-2
3.24*10' respectively. The channel codeword lengths for the speed o f  4  m/h are {480, 

504, 528, 576, 624, 720, 768, 864, 960 and 1056} (bytes), and are {480, 504, 528, 552, 

576, 624, 720, 864, and 1056} (bytes) for 30 m/h and 70 m/h. These sets o f  rates can be 

easily obtained by puncturing and extending the parity-check matrix o f  the mother code. 

By observing the three figures, we can find that when the speed o f  the vehicle increases, 

the error-correction performance o f  the codes tends to be better. As a result, the perform

ance o f the code approaches that o f  uncorrelated Rayleigh fading channel when the speed 

increases, because o f  the decrease in correlation among fading coefficients.

When the RC-LDPC codes given in Figure 4.3 are employed to transmit JPEG2000 en

coded “Lena” image over Rayleigh fading channels, the end-to-end PSNRs are shown in 

Figure 5.3 (a)-(e). Figure 5.3 (a) shows the PSNRs for uncorrelated Rayleigh fading 

channels with SI. Also shown in the figure are the capacity values o f  PSNR, which is the 

upper bound o f  PSNRs for uncorrelated Rayleigh fading channel with SI. The capacity 

values are obtained by assuming that the source images are encoded at the source rates 

corresponding to the capacities (C)  [35] o f  the Rayleigh fading channel subject to the 

constraint o f  the total bit budget (C * B) and assuming error free conditions. To show the 

performance o f  the joint JPEG2000/RC-LDPC system, we also transmit “Lena” image
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with three different total bit budgets o f  0.252 bpp, 0.505 bpp and 0.994 bpp. As can be 

seen from Figure 5.3 (a), the end-to-end PSNRs are low when the corresponding channel 

SNR is small. This is expected as high probability o f  error for channel codes. With the 

increase o f  channel SNR, the end-to-end PSNRs improve accordingly. The capacity val

ues o f  the PSNR, as upper bounds, help us to evaluate the performance o f  our system. It 

can be shown from the figure that the end-to-end PSNRs o f  our scheme are generally 

close to the upper bound values especially at higher values o f  SNR. In particularly, when 

the transmission rate is 0.252 bpp, our joint JPEG2000/RC-LDPC system achieves the 

smallest distance to the capacity o f  0.96 dB, where the channel SNR is 8 dB. We observe 

similar behaviors o f  PSNRs in Figure 5.3 (b), where the end-to-end PSNRs for uncorre

lated Rayleigh fading channel without SI are illustrated. The capacity values [36] are also 

included in (b) for comparison. We can find in (b) that the smallest gap to the capacity is 

0.7 dB at the SNR o f  12 dB and transmission rate o f  0.994 bpp.

 v  v - - - - - 1' '

tx 34
 ■■■*/

- V - 0.994 bpp;Capacity 
H -  099 4  bpp; FEC 
—•  - 0.505 bpp;Capacfty 

0.505 bpp;FEC 
- 0 -  0 2 5 2  bpp;Capac&y 
—h— 0.252 bpp;FEC 
- A -  0.994 bpp; Error a t Tx 
- Q -  0.505 bpp; Error a t Tx 
-<>■ 0 .252bpp; ErroratTx

3 7 8 10 11 12 13 144 5 6 9
SNR (dB)

Figure 5.3 (a) PSNRs for uncorrelated Rayleigh fading channel with SI compared with 

capacity values: S — 10 dB.r  J  ? estim ate
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-V - 0.994 bpp; Capacity 
0.994 bpp;FEC 

- 0 -  0.505 bpp;Capacity 
0.505 bpp;FEC 

-E> 0.252 bpp;Capacity 
0.252 bpp;FEC 

A - 0.994 bpp; Error at Tx 
-V -  0.505 bpp; Error at Tx 
- G  • 0252  bpp; Error at Tx

B 9

S N R  (dB )

Figure 5.3 (b) PSNRs for uncorrelated Rayleigh fading channel without SI compared with 

capacity values; Seslmiale = 10 dB.

no

a . 3 4  z

- + -  0.994 bpp;
—♦ -  0.505 bpp,

0.252 bpp;
- A -  0.994 bpp.Estimatlon error at Tx 
- V  0.505 bpp;Estimstion error at Tx 
- { }  - 0.252 bpp;Estimation error at Tx

S N R  (dB )

Figure 5.3 (c) PSNRs for correlated Rayleigh fading channel; Vehicle speed V = 4 m/h; 

S = 15 dB.estimate
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- A -  0.994 bpp;Estimation error at Tx 
- V  0 5 0 5  bpp;EstlmaHon error alTx 
-< )• 0.252 bpp;Estimation error at Tx

8.5 9.5 10 10.5
SNR (dB)

11 11.5 12

Figure 5.3 (d) PSNRs for correlated Rayleigh fading channel; Vehicle speed V = 30 m/h;

S ,. = 10 dBestimate

CO 30/ i

0.S94 bpp;
— 0.505 bpp;

0.252 bpp;
- A -  0.994 bpp;Estimstion error at Tx 
- y  0.505 bpp;Estimation error at Tx 
-  - 0.252 bpp;Estimation error at Tx

7.5 8 8.5
SIMR (dB)

10

Figure 5.3 (e) PSNRs for correlated Rayleigh fading channel; Vehicle speed V = 70 m/h; 

S ,  , = 8 dB.estimate

Figure 5.3: End-to-end PSNRs for JPEG2000 encoded 512x512, 8 bit monochrome 

“Lena” image over different Rayleigh fading channels; including the PSNRs for under

estimation and over-estimation assuming the source image is encoded for the estimated 

channel SNR.
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Similarly, Figure 5.3 (c)-(e) shows the end-to-end PSNR for correlated Rayleigh fading 

channels. The vehicle speeds are 4 m/h, 30 m/h and 70 m/h for (c), (d) and (e) respec

tively. When the speed increases, the correlation o f  the fading coefficients reduces ac

cordingly. As a result, the codes’ performance and PSNRs improve as well.

5.4 Estimation Errors for Channel Parame

ters

In wireless communications, the channel is time-variant so that it is difficult to obtain 

the perfect knowledge o f  the channel conditions. In order to allocate proper channel code 

rates, channel SNR has to be perfectly known to the transmitter (Tx) in a FEC system. 

When channel SNR o f the fading channel is perfectly known, the corresponding correct 

WERs for each channel code rate can be obtained. Thus, we can correctly obtain this set 

o f  input parameters to our rate-allocation algorithm. This ensures that our rate-allocation 

algorithm can allocate the rates optimally.

However, in practice, the transmitter uses estimated channel SNR for a FEC system. It 

may happen that the estimated channel SNR is different from the actual one. The errors in 

estimation o f  channel parameters will result in source images that are compressed with 

non-optimal compression ratios. In addition, the channel coding rates assigned to the 

packets are not optimal. Two opposite phenomena, under-estimation and over-estimation 

exist in our work. The effects o f  error estimation can be studied in the following two sce

narios:
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In the first scenario, the channel parameter is under-estimated. Let us assume the source 

image is encoded based on an estimated channel parameter o f  SNResUmated and the actual

channel parameter is SNRactua, .  Under-estimation means that the estimated SNR is less 

than the actual one {SNRestimated<SNRactuaI). The channel coding rates are allocated assum

ing a worse channel condition. The WER for each channel coding rate is less than the 

correct ones (true optimal based o f  actual SNR); we have a smaller P x in (2.1). Conse

quently, the expected distortion may be reduced, resulting in a better PSNR than the es

timated one. However, from the rate-allocation algorithm, we know that the system is still 

not optimal. The reason is that the system is sending too much redundancy (more than 

needed) and the performance is going to drop as it hasn’t used enough bits to represent 

the source. The results o f  under-estimation o f  channel condition on the transmission o f  

encoded images are also shown in Fig. 5.3.

In the second scenario, the estimated SNR is larger than the actual one 

( SNResljmaled > SNRaclual), which we will refer to as over-estimation. Contrary to the first

scenario, the channel coding rates are allocated assuming a better channel condition. The 

WER for each channel coding rate is greater than the correct ones. We then have a bigger 

Pi in (2.1). As a result, the expected distortion will increase, resulting in a worse PSNR  

than the estimated one. We also know, from the rate-allocation algorithm, that the system 

is far from optimal. The system represents the source with too many bits and it has too 

little redundancy to protect them. The system basically transmits everything but as the 

protection is not enough with very high probability earlier packets will have errors and 

then at the decoder a large portion o f  the bitstream will be lost. Compared with the previ

ous scenario where the channel condition is under-estimated, the truncation has severe
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influence on the end-to-end PSNRs. Practically, we need transmission systems, even 

when ideal channel parameters are not available at the transmitter. The influence o f  error 

in estimating channel SNR at the transmitter on the PSNRs can be seen in Figure 5.3 (a) - 

(e). In Figure 5.3 (a), the estimated SNR is 10 dB (SNReslimated=  10 dB). The optimal rate- 

allocation algorithm is applied according to this channel parameter. When under

estimation occurs ( SNRacIual>  10 dB), the PSNRs only increase slightly. This scenario is

depicted in the figure with part o f the dashed curves to the right o f  10 dB. We can see that 

they are slightly better than the PSNR for the SNR o f  10 dB. They are, however, still 

worse than the PSNRs corresponding to no estimation error for the same SNRs. This is o f  

course because the latter PSNRs are the optimal values for such channel conditions. Fur

thermore, we can find that there are sharp drops for the dashed curves to the left o f  10 dB. 

This corresponds to the over-estimation case, where the actual SNR is less than the esti

mated one (SNRacma! <  10 dB). To explain this, we know from Figure 5.2 (a) that when

SNR is decreased below 10 dB, the WERs o f  channel codes that are used to protect the 

packets will decrease sharply. Consequently corresponding PSNR will have a sharp drop 

and will be far from optimal. To check the effect o f  estimation-error at transmitter, the 

simulations are also performed for uncorrelated Rayleigh fading channel without SI for 

the estimated SNR o f  10 dB. The results are shown in Figure 5.3 (b) by dashed lines. We 

observe similar tendencies as in uncorrelated Rayleigh fading channel with SI.

In Figure 5.3 (c) - (e), we observe the effect o f  estimation-error on correlated Rayleigh 

fading channels. As can be seen, they follow similar trends as the uncorrelated cases. By 

comparing the dashed curves in (a) to (e), we also observe that the system is more toler

ant to the estimation error at the transmitter when the speed o f  the mobile is low. This is
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because the rate-allocation algorithm is related to the choice o f channel coding rates. If 

the error correction curves drop sharply with the channel parameter, a little offset o f  

channel parameter will lead to the dramatic change o f  WER. We know that the WER for 

low-speed mobile does not change as sharply as that o f  high-speed mobile. So the system  

is more tolerant to the estimation error at the transmitter when the speed o f  the mobile is 

low

With the results o f  under-estimation and over-estimation in Figure 5.3 (a) to (e), we 

find out that the system is much sensitive to over-estimation and relatively robust to un

der-estimation. In order to improve the robustness o f  our system, we could make our sys

tem a little under-estimated. At the transmitter, we can apply our rate-allocation algo

rithm according to the channel SNR that is slightly worse than the actual one. Then from 

our simulation results, we know that, although the results are not optimal, we could still 

achieve rather good end-to-end PSNRs. These results suggest that a biased decision to

wards underestimating the channel SNR at the transmitter can be beneficial

To show how our combined source and channel coding system with RC-LDPC codes 

improve over the existing JSCC schemes for fading channels under the same circum

stances, w e consider transmission o f  standard 512 x 512, 8 bit monochrome “Lena” im

age over correlated Rayleigh flat-fading channels at the total transmission rate o f  0.25 

bpp. The image is encoded with SPIHT coder. In Figure 5.4, we show the PSNRs against 

different normalized Doppler spreads from lx lO '5 to 2x1 O'4. The schemes are optimized 

for the SNR o f  13 dB and Doppler spread o f  5x1 O'5. From Figure 5.4, it can be seen that 

the PSNRs o f  combined SPIHT/RC-LDPC system are generally better than those o f  [5] 

and [6] over a wide range o f  normalized Doppler spread. The improvement over [5] in
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PSNR is as large as 1.3 dB, when /d  equals 2><10"4 The improvement over [6] in PSNR is 

up to about 3.6 dB, when /d  equals 1 * 10‘5

------0

S  29

co 28

RC-LDPC

20 40 60 80 100 120 140 160 180 200
Normalized Doppler spread (x10A(-6))

Figure 5.4: End-to-end PSNRs for SPIHT encoded “Lena” image for correlated 

Rayleigh fading channels with different normalized Doppler spread from I x I O’5 to 

2 x l0 '4 (SNR = 13 dB, total transmission rate = 0.25 bpp).
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Figure 5.5: End-to-end PSNRs for SPIHT encoded “Lena” image for correlated 

Rayleigh fading channels with normalized Doppler spread o f  lxlO '4 ( the total transmis

sion rate is 0.25 bpp)

To further illustrate the improvement over [5] and [6], the image is transmitted over the 

Rayleigh fading channel with /j o f  1 xlO~4. The PSNRs are shown in Figure 5.5 for actual 

SNRs. The schemes are optimized for the SNR o f  13 dB and Doppler spread o f  10'4. The 

improvements are significant, especially for the SNR o f  10 dB, where our system  

achieves up to about 1.7 dB and about 3 dB improvements over [5] and [6] respectively.

We have also tested standard “Goldhill” and “Barbara” images over the above uncorre

lated or correlated Rayleigh fading channels with or without SI. Both combined
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JPEG2000/RC-LDPC coder and SPIHT/RC-LDPC coder are 

similar results as those o f  standard “Lena” image.
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Chapter 6

Progressive Image Transmission 

over Noisy Channels with ARQ

6.1 Introduction

If a feedback channel is available, one can transmit data using ARQ schemes with a 

performance generally better than that o f  FEC. Using ARQ scheme however introduces 

more delay that may not be acceptable for some real-time applications. In this work, we 

consider applications where delay is not a major concern and focus on type-II hybrid- 

ARQ system which has been shown to have a very good throughput.

For the fading channels with feedback, Nosratinia et al. [15] approximates the JSCC 

optimization by maximizing the throughput o f  the ARQ system. Due to the progressive 

nature o f  the source encoded bitstream, minimizing the distortion is approximately 

equivalent to maximizing the throughput o f  the system. In [15], the fading channel is de

signed using Gilbert-Elliott model. We focus on throughput as the performance measure. 

In this work, we also maximize the throughput but consider Rayleigh flat fading models 

for the channel.
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6.2 System Analysis

Figure 6.1 illustrates the block diagram o f  the ARQ system. A noiseless feedback chan

nel is added to the previous FEC system and we remove the rate-allocation part from it. 

Similar to the FEC scheme, the source images are first progressively encoded. Then, the 

resulting bitstream is encoded with the LDPC codes at the highest rate. The channel 

coded packets are transmitted over the noisy channel. If an error happens to that packet, a 

NAK message is sent back to the RC-LDPC encoder from the feedback channel. The ad

ditional bits corresponding to the next higher rate channel code rate is sent. The succes

sive incremental transmission o f  bits continues until the packet is correctly decoded. 

When even the lowest rate can’t protect the packet, the original packet is re-sent. Finally, 

the recovered bitstreams are decoded by JPEG2000 decoder.

Source B itstreamSource Encoder 
(JPEG2000) RC-LDPC Encoder

NAK

Output Data

Figure 6.1: Block Diagram o f ARQ Scheme.
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It has been shown in [1] that RC-LDPC codes used in a type-II hybrid-ARQ scheme 

over AWGN channel can achieve throughputs veiy close to the capacity at relatively 

short block lengths. In a type-II hybrid-ARQ System, the retransmission occurs automati

cally if  all the parity bits are sent and yet a repeat-request signal (NAK) is received. 

When all the parity bits are sent if  still a NAK  is received then the transmitter has differ

ent options including retransmitting the information part o f  the packet.

The throughput ( rj ) for type-II hybrid-ARQ with RC-LDPC codes is [1 ]:

1 = -----------------T # ------------—  ■ («•')

i = 2 y -0

where K  is the information block length; Ni is the length o f  the i th packet; I] is the 

word WER o f  the i th channel codes.

The assumption in the ARQ system is that all bits are eventually received correctly. So 

the throughput in fact shows the average number o f  bits that is received correctly at the 

receiver for each transmitted bit. As the throughput shows the ratios between the source 

and the total bits, one can obtain the source bit budget (S) from the total bit budget (B) 

using the following formula:

S = B xjj , (6.2)

Since the source image is progressively encoded, and also due to the nature o f  the ARQ  

scheme, no rate allocation is required in this scheme. The optimal strategy is to transmit 

the source packets in the order they appear in the bitstream as long as the bit budget per

mits.
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The delay in type-II hybrid ARQ scheme is composed o f  two parts. The first part is the 

time used for transmission o f  the information packet at the first attempt and the incre

mental parity check bits at the subsequent attempts (T:) and NAK message (TNAK). The

other part Td is the time used for decoding o f  the packet. Let us define Tunjt as the unit 

time by Tunjl =Tt + TNAK + Td. The average delay ( Tdelgy ) o f  the scheme can be approximated 

by the following formula:

+ C O  F - l

= T, (1 -  P, ) + £  .T „  (1 -  P, )]" [r ,  (6.3)
1=2 7=0

where Pf is the WER o f  the i th channel codes.

In general, as can be seen from (6.3), delay is a function o f  the channel codes, channel 

parameter and the speed o f  transmission and processing.

6.3 Performance of ARQ Scheme over BSC

Using the equation (6.1) and based on the error-correction performance o f  RC-LDPC 

codes given in Figure 4.4, we can obtain the throughput o f  type-II hybrid-ARQ scheme as 

shown in Figure 6.2. It is obvious that the throughput decreases with the increase o f  £. 

The dotted curve in Figure 6.2 represents the capacity o f  the BSC.
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Figure 6.2: The throughput for type-II hybrid-ARQ scheme compared to the 

channel capacity (K = 384 bytes).

We consider the transmission o f  standard 512 x 512, 8 bit monochrome “Lena”, 

and “Goldhill” images over BSC. We use the same set o f  RC-LDPC codes as in Chapter 4.

The information block length K is now 384 bytes and all the bits are used for coding the 

J2K bitstream. We have used (6.1) to obtain the source bit budget and then used that to 

obtain the PSNR at the output o f  JPEG2000 decoder assuming that the same number o f  

bits are generated at the encoder and correctly received at the decoder. Figure 6.3 (a) and 

(b) show the expected PSNR o f  “Lena” and “Goldhill” respectively. For comparison, the 

results o f  the FEC scheme and error-free transmission at capacity are also given in Fig

ures 6.3. We can find out the PSNR o f  the recovered images decreases when s  increases.
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So the quality o f  the recovered image becomes worse with the increase o f  s . Simulation 

results in Figure 6.3 show that the type-II hybrid-ARQ scheme can further improve the 

PSNR o f  the recovered image over FEC scheme. The difference between the ARQ 

scheme and the channel capacity results is generally less than 1 dB, which means type-II 

hybrid-ARQ scheme with RC-LDPC codes can achieve near-capacity PSNRs.

4 2

capacity:Q.2S2bpp 
- +  - Hybrid-ARQ II :0.252bpp 
-G- FEC:Q.252bpp 
-p - capacity:0.505bpp 
H h Hybrid-ARQ II:0.505bpp 
-O- FEC:0.505bpp 
- p -  capacity:0.994bpp

Hybrid-ARQ II :0.994bpp 
-G- FEC:0.994bpp

&
"’-P------ .

3 0
0 .0 1  0 .0 2  0 .0 3  0 .0 4  0 .0 5  0 .0 B  0 .0 7  0 .0 8  0 .0 9  0 .1

c r o s s o v e r  p ro b a b i l i ty  o f  B S C

Figure 6.3 (a) “Lena’
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-0 - capacity:0.505bpp
Hybrid-ARQ II:0.505bpp 

-O- FEC:0.505bpp 
-0 -  capacity:0.994bpp

Hybrid-ARQ II:0.994bpp 
-Q- FECQ.994bpp

0 .0 1  0 . 0 2  0 .0 3  0 .0 4  0 .0 5  0 .0 6  0 .0 7  0 .0 8  0 . 0 9  0 .1  

c r o s s o v e r  p r o b a b i l i ty  o f  B S C

(b) “Goldhill”

Figure 6.3: Performance o f  FEC and hybrid-ARQ schemes ( K = 384 bytes)

6.4 Performance of ARQ Scheme over

Rayleigh Fading Channels

In our simulations, w e use standard 512 x 512, 8 bit monochrome “Lena”, “Goldhill” 

and “Barbara” images over Rayleigh flat-fading channels. The images are source encoded 

using JPEG2000 algorithm. We use the same set o f  RC-LDPC codes as in Chapter 5 for 

uncorrelated/correlated Rayleigh fading channels with/without SI.
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Figure 6.4: Throughput o f Rayleigh flat-fading channel with SI, compared with channel 

capacity.

The throughput o f  the RC-LDPC codes over uncorrelated Rayleigh flat-fading channel 

is given in Figure 6.4. It shows the throughput o f  the RC-LDPC codes compared to the 

capacity o f  the uncorrelated Rayleigh fading channel with SI. The capacity o f  the uncor

related Rayleigh fading channel is obtained from [35], which represents the upper bound 

on the throughput. We observe that by employing our codes, the distance between them 

can be reduced by up to 0.134, where SNR equals 10 dB.
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Figure 6.5: The PSNRs o f  FEC and ARQ schemes for uncorrelated Rayleigh flat-fading 

channel with SI compared with channel capacity values.

Figure 6.5 includes the PSNR curves o f  “Lena” for both the FEC and the type-II hy

brid-ARQ systems. For the upper bound o f  PSNRs, the capacity curves are provided by 

transmitting the source encoded images at the channel capacity rates (capacity x total bit 

budget) and assuming an error free channel. This is done to illustrate how the PSNR will 

change with an increase in the total bit budget. Three total bit budgets o f  0.252 bpp, 0.505 

bpp and 0.994 bpp are employed. From Figure 6.5, we know that type-II hybrid-ARQ 

system can reduce the gap to capacity up to 0.75 dB for “Lena” at the SNR o f  8 dB with 

the total rate o f  0.252 bpp. We also find that when the SNR is low, corresponding to high 

probability o f  error, the PSNRs o f  type-II hybrid-ARQ System are much better than those
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o f  the FEC based system. With the increase o f  SNR, the gaps between the two systems 

become smaller.

0.8

0.75

0.7

3 0.65

0.6

0.55
-V -  Capacity 
—s|f— Type-II hybrid ARQ

0.5

0.45

SNR (dB)

Figure 6.6: Throughput o f  Rayleigh flat-fading channel without SI compared with chan

nel capacity.

Figure 6.6 shows the throughput for type-II hybrid-ARQ scheme with RC-LDPC codes 

over uncorrelated Raleigh fading channel without SI. This condition is discussed in Chap

ter 5. Since ideal side information is not known, the throughput is less than that o f  the 

case with SI. From Figure 6.6, we can see that the throughput for uncorrelated Rayleigh 

fading channel without SI is generally within the distance o f  about 0.09 from the capacity 

values (obtained from [36]). The smallest gap to capacity is 0.071 for the SNR o f  12 dB.
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With the RC-LDPC codes, we obtain the PSNR curves given in Fig 6.7. The PSNR  

curves in Figure 6.7 follow the same trend as those in Figure 6.5. Comparing Figure 56.6 

with Figure 6.8, we can clearly see that the PNSRs in Figure 6.5 are generally better than 

those o f  Figure 6.7. This is expected as the system with ideal SI provides more informa

tion to the decoder, which helps to improve the coding performance. The smallest gap to 

the capacity is 0.4 dB for type-II hybrid-ARQ scheme when transmitting “Lena” at the 

SNR o f  12 dB with the total rate o f  0.252 bpp. The gap to capacity and the gap between 

FEC and ARQ decrease by increasing SNR
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Figure 6.7: The PSNRs o f FEC and ARQ schemes for uncorrelated Rayleigh flat-fading 

channel without SI compared with channel capacity values.
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We also examine the performance o f the application o f  RC-LDPC codes to JPEG2000 

coded imaged over correlated Rayleigh fading channels. The channels are modeled with 

Jakes’ simulator [34]. We use the same channel configuration as in Chapter 5 for corre

lated Rayleigh fading channels: the carrier frequency is set as 900 MHz and the source 

rate is 9.6 kb/s. The mobile speeds are 4 m/h, 30 m/h and 70 m/h. Thus, the correspond

ing normalized Doppler shifts ( f d) are 1.85><10"4, 1.39x 10'4 and 3.24* 10"3 respectively.

RC-LDPC codes with the same construction and set o f  rates as in Chapter 5 are used in 

the type-II hybrid-ARQ system. Just like the FEC scheme, the PSNRs o f  the ARQ  

scheme improve with an increase in channel SNR. The PSNRs are shown in Figure 6.8

(a)-(c). The results for FEC and ARQ are all included for comparison.
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Figure 6.8 (a) V  = 4 m/h;
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Figure 6.8: The PSNRs o f  JPEG-2000 coded “Lena” for FEC and ARQ schemes trans

mitted over correlated Rayleigh fading channels
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Simulation results for uncorrelated/correlated Rayleigh fading channels with/without SI 

show that type-II hybrid-ARQ scheme is generally superior to FEC scheme in PSNR o f  

the reconstructed image. B ig difference between the two schemes appears for low chan

nel SNR. W e know that FEC scheme stops decoding the bitstream when the first unre- 

coverble error happens. The unrecoverble error tends to move to the front o f  the bitstream 

with the increase o f  channel errors. Thus FEC scheme performs worse compared to ARQ  

scheme at low channel SNRs.
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Chapter 7

Conclusions and Future Work

7.1 Conclusions

In this thesis, first we proposed a fast trellis-based approach for solving the distortion 

optimal rate-allocation problem for the robust transmission o f progressively coded im

ages over noisy channels based on FEC. The algorithm, which is a faster version o f  a 

similar algorithm in [2], provides a speed-up factor o f  up to about three orders o f  magni

tude for total bit budgets o f  up to 1 bpp. Our simulation results are given for the BSC and 

are based on the assumption o f  fixed source packet lengths and common numerator for 

the channel coding rates. One may, however, obtain similar improvements in speed by 

applying the same principles to other channels, variable source packet lengths, or channel 

coding rates with a common denominator.

We also investigated the application o f  RC-LDPC codes to the transmission o f  progres

sively coded images over the BSC and a variety fading chanels. The proposed scheme, 

which exploits the hierarchial organization o f  the JP2 bitstream and protects the image 

using unequal error protection, jointly partitions the bit rates between source and channel 

codes. The robustness o f  the scheme has been demonstrated for different images and
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transmission rates, and for a variety o f  channel conditions. Simulation results show that 

the proposed scheme outperforms similar joint source/channel coding schemes based on 

turbo codes and irregular repeat-accumulate codes by up to about 1.1 dB and 1.0 dB, re

spectively, and can yield an expected PSNR within about 0.8dB o f  the capacity upper 

bound. In addition, our RC-LDPC coding scheme is linear-time encodable and can be 

implemented using only a single pair o f  encoder/decoder for all the rates. The decoding 

complexity o f  the proposed scheme is also comparable to that o f  the existing scheme 

based on irregular repeat-accumulate codes and is lower than that o f  turbo codes. The 

end-to-end performance o f  the proposed scheme over fading channels is analyzed by 

transmitting the progressively coded bitstreams over uncorrelated/correlated Rayleigh 

fading channels with/without SI. The simulation results that combine SPIHT source coder 

with RC-LDPC channel codes outperform the existing methods given in [5] and [6]. We 

also show that our scheme, when JPEG2000 source coder is used, produces PSNRs that 

are very close to the capacities, with the smallest gap less than 1 dB. We also investigate 

the influence o f  channel estimation error on the performance o f our system. The robust

ness o f our system could be maintained employing under-estimation at the transmitter. 

Under-estimation is much less detrimental compared to over-estimation. We also exam

ined this for BSC and find that, in general, underestimation o f the channel parameter is 

more deteriorating than overestimation.

Finally, w e studied the type-II hybrid-ARQ based transmission o f  images over BSC  

and Rayleigh fading channels. RC-LDPC codes have the potential o f  achieving near

capacity throughput. With the ARQ scheme, we obtained PSNRs better than the FEC 

scheme. The main advantage o f  type-II hybrid-ARQ image transmission with RC-LDPC
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codes lies in its near-capacity performance. This is promising for applications when de

lay is a major concern in communications. For the ARQ scheme we haven’t compared 

your results with any o f  the existing literature (both here and in corresponding sections), 

because there hasn’t been any comparable results.

7.2 Future Work

In this thesis, we focused on transmission o f  still images over noisy channels with 

JPEG2000/SPIHT and RC-LDPC codes. RC-LDPC codes can be used for volumetric im

age compression and video sequences. Typically, the video coding algorithm, such as 

MPEG-4, is also progressively organized within a frame. Research can be done by opti

mizing RC-LDPC codes such that the PSNR o f  the video sequences are maximized. 

Unlike still images, video communication has more strict limitations on the transmission 

speed. Fast rate-allocation algorithm should be found with the limitation o f  the transmis

sion speed o f the video sequence.

FEC scheme has the characteristic o f  fast speed. But when the error probability o f  the 

channel is high, the performance o f  the system is not satisfying. ARQ scheme could 

achieve higher PSNR especially for high channel error probability. But it increases the 

transmission delay. The initial channel rate could be determined according to the channel 

condition to reduce the delay. The system will then be more intelligent and flexible ac

cording to the channel conditions. There is more work to be done on ARQ and FEC 

schemes (especially ARQ) in the presence o f  channel estimation error.
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