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Abstract 

We propose solutions to the rate allocation problem of progressive image transmission 

over noisy channels with feedback. The scenario we are considering is the feedback 

constraint on each packet, which means the number of feedback bits on each packet is 

upper bounded by a fixed given value. Both rate-optimal and distortion-optimal solutions 

are investigated. Simulation results show that the proposed solutions outperform the 

previously published results and can closely achieve the performance of ARQ scheme 

with infinite number of feedback bits as the number of feedback bits increases. Although 

the simulations are performed using JPEG2000 source coder and rate-compatible LDPC 

channel codes, the solutions presented in this thesis are applicable to any progressive 

source coding scheme, any family of rate-compatible channel codes, and any channel 

model as long as the distortion-rate function of the source and the error probabilities of 

the channel codes are available. 
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Chapter 1 Introduction 

1.1 Motivation and Objectives 

A progressively coded bitstream is extremely attractive and widely used in image 

transmission over noisy channels since it allows the receiver to reconstruct the image at 

different bit rates from the prefixes of the bitstream, providing continually improving 

approximation to the original image as more bits arrive and are correctly decoded. 

However, a big drawback of a progressively coded bitsream is that it is highly sensitive to 

bit errors caused by the channel noise. Therefore, error control techniques are required to 

protect the bitstream against channel errors when image transmission is on a noisy 

channel. The forward error correction (FEC) technique can provide near error-free 

transmission without delay, but it increases the total transmission rate (channel bits) 

because of the redundancy introduced. On the contrary, the automatic repeat request 

(ARQ) technique can eliminate channel errors with as few as possible total transmission 

bits, but it causes delay due to the retransmissions. In some transmission scenarios with a 

feedback channel available, both the total transmission rate and the number of feedback 

bits (feedback opportunities) have constraints. For such scenarios, Hybrid ARQ (HARQ), 

an error control technique combining the advantages of FEC and ARQ, is employed to 

achieve a good performance under the constraints [4]-[5], [12], [18]-[19]. It is well-

known that joint source and channel coding (JSCC) can achieve a good end-to-end 

performance when the total number of transmission bits is given [7]-[8]. For JSCC, the 
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rate allocation problem, a problem on how to choose the code rates for packet 

transmission under the constraints of total transmission bits and the number of feedback 

bits so as to achieve the optimal end-to-end performance, is a key component. One can 

consider two different constraints on the number of feedback bits. One is the number of 

feedback bits on each packet is given, and the other is the total number of feedback bits 

on total packets is given. We refer to the former scenario as feedback constraint on each 

packet, and refer to the latter scenario as feedback constraint on total packets. The rate 

allocation problem for the former scenario was first investigated in [21], in which Chande 

et al. proposed an imprecise approach to choose a sequence of channel codes for the 

transmission of each packet. Moreover, this approach is rate-optimal [16], which is 

normally inferior to the distortion-optimal approach [16]. The purpose of this work is to 

obtain rate-optimal and distortion-optimal rate-allocation solutions for progressive 

transmission of bit streams on feedback channels. Our main focus is on the rate allocation 

for the problem of feedback constraint on each packet. 

1.2 Thesis Contributions 

The major contributions of this thesis include: 

1. an effective rate-optimal solution to the rate allocation problem with a feedback 

constraint on each packet; 

2. an effective distortion-optimal solution to the rate allocation problem with a 

feedback constraint on each packet; 
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3. an effective approach to reduce the computational complexity of the proposed 

solutions; 

To achieve these contributions, the following novel concepts and equations are 

introduced: 

1. a concept of average error probability for a packet-based transmission policy, 

which consists of a sequence of channel codes 

2. a concept of average number of transmission bits for a packet-based transmission 

policy, which consists of a sequence of channel codes; 

3. a closed-form equation to compute the average error probability for a packet-

based transmission policy; 

4. a closed-form equation to compute the average number of transmission bits for a 

packet-based transmission policy. 

1.3 Thesis Organization 

In Chapter 2, we present the background and literature review related to the thesis 

work. First of all, a general framework for image transmission over noisy channels is 

illustrated, then some basic concepts including progressive source coding, joint source 

and channel coding, unequal error protection and rate-compatible codes are described. 

Secondly, the rate allocation problem, along with the nomenclatures of rate optimality 

and distortion optimality, are introduced. Finally, the transmission schemes with 

feedback are described in details, especially for the Type II Hybrid ARQ scheme. 
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In Chapter 3, we focus on the rate allocation problem of the transmission scheme 

with feedback constraint on each packet. The problem is formulated first, and then the 

solutions based on rate-optimal and distortion-optimal approaches are proposed. 

In Chapter 4, the simulation model and methodology are described first, and then 

simulation results of our proposed solutions are presented and compared with those of 

previous work. 

In Chapter 5, we conclude the thesis and give a few suggestions for future work. 



Chapter 2 Background and Literature Review 

2.1 Image Transmission over Noisy Channels 

A general block diagram of image transmission over noisy channels is shown in Figure 

2-1. At the transmitter, the original image is encoded by source encoder and channel 

encoder, and then transmitted over the noisy channel. Upon receiving the bits, the 

receiver reconstructs the image after channel decoding and source decoding and as long 

as the packets are all received correctly. We assume that there is an error detection 

mechanism available at the receiver which identifies the first erroneous packet and 

discards any packets received afterwards. 

Original ! 
Image j 

onstructed ! 
ge " j 

Transmitter 

Source 
Encoder 

Channel 
Encoder 

Source 
Decoder 

F leceiv 

Channel 
Decoder 

er 

i r 

Noisy 
Channel 

Figure 2-1 Block diagram of image transmission over a noisy channel 

Due to the bandwidth constraint of the channel, image compression is necessary for 

reducing the number of bits to be transmitted. Source coding uses fewer bits to represent 

the original image by data compression techniques. Progressive source coding, which 
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generates an output bitstream according to the importance of source bits, is particularly 

desirable for image transmission over noisy channels since it allows the receiver to 

reconstruct the image at different bit rates from the prefixes of the bitstream, providing a 

continually improving approximation to the original image. In the progressive image 

transmission, the outline of the original image can be identified with a small number of 

received bits although the quality is probably not very good. As more received bits are 

correctly decoded, the quality of the reconstructed image will be gradually improved. 

This can be seen from the example in Figure 2-2. Many source coders can generate 

progressive bitstreams for images. Among them, joint photographic experts group 2000 

(JPEG2000) [l]-[2] and set partitioning in hierarchical trees (SPIHT) [3] are most widely 

used. The progressive bitstream is organized in a decreasing order of bits importance. 

Figure 2-2 Progressive image transmission 

However, a big drawback of progressive bitstreams is their high sensitivity to bit 

errors. A single bit error in the bitstream may cause error propagation to the later bits and 

a loss in synchronization between the encoder and the decoder. As a result, the bits after 

the error may degrade the quality of image reconstruction instead of improving the 
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quality. Therefore, error control techniques are necessary to protect the bitstream against 

channel errors when the image transmission is on a noisy channel [4]. 

Forward error correction (EEC) and automatic repeat request (ARQ) are two available 

techniques for error control [5]-[6]. For a one-way noisy channel or for a strictly real

time transmission, only FEC can be used. In such situations, channel coding is employed 

for nearly error-free transmission of progressively coded images. 

Traditionally, source coding and channel coding are independently considered and 

designed. However, it is well-known that joint source and channel coding (JSCC) can 

achieve a better end-to-end performance when a total transmission rate is given [7]. In a 

packet transmission system, a progressive bitstream is divided into packets before 

channel encoding. There are two kinds of channel coding for the packets: Equal error 

protection (EEP) and unequal error protection (UEP). EEP provides error protection to all 

packets with a same channel code rate regardless of the importance of the packets [8], 

while UEP provides error protection to each packet with a different channel code rate 

according to the importance of the packet [9]. It is shown that UEP outperforms EEP in 

joint source and channel coding [10]-[11]. A good way to implement UEP is to use rate-

compatible (RC) codes, which have two attractive advantages: (1) the parity bits for 

higher rate codes are embedded in those of lower rate codes; (2) all codes can be encoded 

and decoded using a single encoder/decoder pair. 

In recent years, researchers have used different kinds of RC codes to provide unequal 

error protection to the transmission of progressively coded images. RC punctured 

convolutional (RCPC) codes [12], RC turbo codes (RCTC), RC irregular repeat-
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accumulate (RC-IRA) codes, and RC low-density parity-check (RC-LDPC) codes are 

respectively used in [7]-[8], [13], [9] and [14]. 

2.2 Rate Allocation Algorithm 

Rate allocation is a key component of joint source and channel coding [7]. If the 

distortion-rate function of the source encoder, the channel conditions, a finite family of 

rate-compatible channel codes, the cost function for performance measurement, and the 

total bit budget are given, then the algorithm that has the task of assigning different 

channel code rates to different source packets so as to achieve an optimal value for the 

cost function is called rate allocation algorithm. A block diagram of rate allocation 

algorithm is illustrated in Figure 2-3. Before the source bitstream of the original image is 

transmitted over the noisy channel, it is packetized into packets with different lengths and 

protected by channel codes with different rates. The packetized packet at the output of the 

source encoder is called source packet and the packet at the output of the channel encoder 

is called channel packet. The number of bits for source packet can be equivalently 

represented in a rate, bits per pixel, and the number of bits for channel packet can also be 

equivalently represented in coding rate. In a packet transmission, how many bits or what 

rates will be assigned to the source packet and the channel packet is decided by the rate 

allocation algorithm. For transmission schemes without feedback, the rate decision of the 

rate allocation algorithm depends on four conditions: the distortion-rate function of the 

source encoder, the channel BER, the total bit budget and the cost function of the 
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performance measurement. Besides these four conditions, for transmission schemes with 

feedback, the rate decision of the rate allocation algorithm also depends on one additional 

condition, the number of feedback bits. In such schemes, the rate allocation algorithm 

will adaptively change the rates for source packets and channel packets according to the 

received bit of ACK/NACK sent by the receiver. The end-to-end performance is 

evaluated by comparing the reconstructed image with the original one, based on a cost 

function. Three well-known cost functions are average mean squared error (MSE) 

distortion, average peak signal-to-noise-ratio (PSNR), and average number of correctly 

received source bits [15]-[16]. Following [16], the optimal solutions for the first two cost 

functions are called distortion-based optimal or briefly distortion optimal, and the optimal 

solution for the last cost function is called rate-based optimal or briefly rate-optimal. 

In image processing domain, the MSE between the original image and the 

reconstructed one is defined as: 

MSE = —— Y, S (4«i,«2]-*K,«2])2 (2-1) 
-/VJTVJ „1 = 0 n 2=o 

A 

where Nt and N2 are the size of the image, and xDi^nJ and x[nvti2] are respectively 

the pixel values of the two images at position («j,rc2). And PSNR, which is used to 

represent the quality of reconstructed image, is defined as: 

2 s - 1 

PSNR(dB) = 20 log — (2-2) 
&RMSE K J 

where B is the number of bits to represent each pixel, and RMSE is the root mean squared 

error between two images, i.e. RMSE = 4MSE . 
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There are also two approaches to packetize source bitstream and construct channel 

packets before image transmission. Corresponding to these, there are also two types of 

rate allocation problem: variable-length packet problem (VPP) and fixed-length packet 

problem (FPP). For VPP, the lengths of all source packets are the same, but the lengths of 

channel packets are different after channel coding with different code rates [14]-[15], 

[17]. For FPP, the lengths of channel packets are kept the same, but the lengths of source 

packets are different, depending on which channel code rates are used [9], [13], [16]. 
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Figure 2-3 Block diagram of a transmission scheme with the rate allocation algorithm 
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2.3 Feedback Scheme 

If a feedback channel from the receiver to the transmitter is available and the delay is 

not of much concern, then ARQ scheme is often used for robust image transmission. 

Hybrid ARQ (HARQ), a protocol which combines FEC and ARQ techniques, is more 

attractive since it exploits both the predictable performance of FEC codes and the rate 

flexibility of ARQ protocol. HARQ can achieve a better end-to-end performance than 

FEC and ARQ in image transmission over noisy channels if there is a constraint on total 

transmission bits [4]-[5], [12], [18]-[19]. 

A typical block diagram of image transmission over a noisy channel with HARQ is 

illustrated in Figure 2-4, where an error free feedback channel from the receiver to the 

transmitter is added to Figure 2-1, the block diagram of image transmission without 

ARQ. 

Original 
Image 

Reconstructed 
Image 

Source 
Encoder 

A 

Channel 
Encoder 

f 

( ACK/ 
! NACK 

Source 
Decoder 

Channel 
Decoder 

v 

Noisy 
Channel 

Figure 2-4 Block diagram of image transmission over noisy channel with HARQ 
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There are two types of HARQ: Type I HARQ and Type II HARQ. The main 

difference between Type I HARQ and Type II HARQ is that Type I HARQ uses the same 

FEC code for retransmission attempts, while Type II HARQ uses different EEC codes for 

retransmission attempts. Type II HARQ is also called incremental redundancy HARQ. 

The incremental redundancy is usually achieved by using rate-compatible codes. 

In this thesis, we will focus on Type II HARQ. In the following, we explain how this 

protocol works in a VPP transmission system. 

Suppose that for a VPP transmission system, the total bit budget is given. The family 

of rate-compatible channel codes is C = {cl,c2,...,c]) and the number of retransmission 

opportunities (or the number of available feedback bits) for each packet is Af-1. A 

candidate policy to transmit a given packet with Type II HARQ can be written as 

def 

It ={Cn,Cn,...,c; '), 

wheren(n)<M ; c^,c^,...,andc^ware chosen from the family of channel codes C and 

their code rates are monotonically decreasing [20]. 

At the beginning of the transmission, the channel encoder uses the highest rate channel 

code c\ to protect the source packet and transmits it over the noisy channel. At the 

receiver, the channel decoder attempts to decode the received bits and convey the 

decoding result (success or failure) to the transmitter by sending one bit (ACK/NACK) 

through the feedback channel, assuming the transmission of the feedback bit is error free. 

If a failure message NACK is received by the transmitter, the channel encoder will use 

the next lower rate channel code c\ to protect the source packet, by only sending the 
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incremental parity bits to the receiver. The channel decoder attempts to decode the 

packet again by appending the new received values to the previously received vector and 

conveys the decoding result to the transmitter. If a failure message NACK is continually 

received by the transmitter, the channel encoder will orderly use the lower rate channel 

codes c\, c^ ,..., cfK) to protect the source packet, by only sending the incremental 

parity bits to the receiver. When the lowest rate channel code cn
n
(K) is used and a failure 

message is still received, the channel encoder and channel decoder will start another 

round of transmission for the packet if the feedback bits are still available. At the 

beginning of the new round, the channel encoder discards all previously transmitted bits 

and turn back to use code c\ as error protection to retransmit the whole source packet. 

The channel decoder cleans the received bits stored in the decoding buffer and decodes 

the packet only depending on the newly received information. The procedure repeats as 

in the first round and may generate another new round, until the available feedback bits 

are exhausted or the total bit budget is exhausted or a success message is received by the 

transmitter. If a success message ACK is received, the channel encoder will stop the 

transmission of the current packet and proceeds with the transmission of the next packet. 

Once the available feedback bits for a given packet are exhausted and the packet is till in 

error or when the total bit budget is exhausted, the image transmission is terminated and 

the end-to-end performance is computed based on the correctly received packets at the 

receiver. 
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Chapter 3 Rate Allocation for Feedback Channels 

with a Constraint on the Number of Feedback Bits per 

Packet 

In this chapter, we will discuss the rate allocation problem of progressive image 

transmission over noisy channels with feedback constraint on each packet. Feedback 

constraint on each packet means that the number of feedback bits for each packet is fixed. 

We intend to find rate-optimal and distortion-optimal solutions for this problem. There 

are three sections in this chapter. The problem is formulated first, and then two solutions 

are proposed. Finally, the performances of the solutions are analyzed and compared. 

3.1 Problem Description 

Assume that a progressive image transmission over a noisy channel with feedback has 

the following conditions: 

1. It is VPP packetized; 

2. The total bit budget is given; 

3. The transmission scheme is Type IIHARQ; 

4. A given family of rate-compatible channel codes is used; 

5. The number of feedback bits for each packet is given. 

The problem we are going to discuss and solve is how to choose a transmission policy for 

each packet so as to obtain an optimal (or suboptimal) end-to-end performance (in PSNR) 
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before a packet decoding is failed or when the target bit budget is exhausted, under the 

above conditions. 

Before the discussion of the proposed solutions, let us define some common symbols 

that are used throughout the rest of the thesis. Let C = {cvc2,...,Cj} denote a family of 

rate-compatible channel codes such that the corresponding code rates are decreasing, 

rc(ct) denote the code rate of c., Pe(ct) denote the error probability of ct, bs denote the 

number of source bits on each packet, M-\ denote the number of feedback bits for each 

def 

packet, and K =(cl
n,cl,...,cn

n
(7C)) (wheren{7t)<M ; c^.,c^,...,and cn„n) are chosen from 

the family of channel codes C and their code rates are monotonically decreasing) denote a 

candidate policy to transmit a packet. 

3.2 Solutions 

3.2.1 Solution 1: Rate-optimal Solution Proposed by Chande etal 

In [21], Chande, Jafarkhani and Farvardin proposed a rate-optimal solution to the 

problem discussed in the previous section. Their idea came from the fact that for a given 

bit budget in VPP progressive image transmission, minimizing the average number of 

transmission bits per packet is equivalent to maximizing the average number of 

transmitted packets considering the fixed total bit budget, which, in turn, would be 

equivalent to maximizing the average PSNR. 
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The procedure of solution 1 to obtain the decision policy for each packet is the 

following: 

1. Consider all candidate policies 71 = {cK, cK,..., cn
K *') ; 

2. Impose a constraint that the packet decoding failure probability is less than a 

certain threshold pe; 

3. Require the maximum number of feedback bits per packet to be less than or 

equal to M-l, i.e. n(7i) <M; 

4. Compute the average number of transmission bits per packet for a candidate 

policy with an approximate equation 

*W = 2-^WO-^))+-^«(<r) (3-D 

def 

where Pe(c°x) = V, 

5. Minimize R(n) subject to Pe(c
n
n
w) < pe and n{K) < M ; 

6. Choose the policy with the minimum R{n) value as the decision policy to 

transmit each packet. 

Dynamic programming [24], a method of optimization, is used to find the policy with 

the minimumR(7t) value. In the simulations performed in [21], the threshold value pe is 

set to be 0.01. 
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3.2.2 Solution 2: Our Proposed Rate-optimal Solution 

This solution is based on the average number of correctly received bits cost function 

for the transmission scheme without feedback. We however make modifications to match 

this cost function to the problem under consideration. The details are described below. 

For the VPP transmission scheme without feedback, the transmission policy for one 

packet is a single channel code chosen from the family of channel codes. Each packet has 

only one opportunity for transmission. Once a packet transmission is failed, the image 

transmission is terminated immediately and the end-to-end performance is computed 

based on the correctly received packets at the receiver. Suppose the image transmission 

policy for the VPP transmission scheme without feedback is Q = (cjj,c^,...,c^(n)), where 

t(Q) is the number of transmitted packets. This means we use channel code cl
n to encode 

the first packet, use c^, to encode the second packet, use c'n to encode the ith packet, and 

so on. Then the cost function for the rate-optimal solution can be represented by the 

equation 

t(£l)-l i t(Q) 

Va=L bj»P.(<g)*il<l-PM))+bXn)mYl(l-Pe(c&) (3-2) 
1=1 7=1 i=l 

where / is the packet number, and Pe (c'n) is the packet error probability of the channel 

code c'a [15]. Meanwhile, for a given bit budget, we also need to count the total number 

of transmission bits that have been exhausted after each packet is transmitted. Once the 

target bit budget is reached, the image transmission is terminated. The equation to 

calculate the total number of transmission bits is 
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^ = 1 7 7 7 7 0-3) 

where r (c'Q) is the code rate of c'a, and —s-r— is the number of transmission bits of the 

fth packet. Clearly, the error probability Pe(c'n) in Equation (3-2) and the number of 

transmission bits —s-r- in Equation (3-3) are fully determined by a single channel code 
rc(c'a) 

c'n, a policy on one packet. 

For the VPP transmission scheme with feedback, the transmission policy for one 

packet is a sequence of channel codes, not a single channel code. If the number of 

feedback bits on each packet is M-\, then a candidate policy can be written as 

7t = (cK,cK,...,Cx), where n(7t)<M . All candidate policies compose a family of 

candidate policies 

Jl = {7Zl,7Z2,...,7ZY} (3-4) 

def 

where ^ =\c
n. ->cjt. •>"-->cni ' )» nijc^^M . Therefore, an image transmission policy 

can be represented as 

Q = ( ^ , ^ , . . . , < ( Q ) ) (3-5) 

where nl
a, Tt1^, ..., K1^ are the transmission policies for the packet 1, 2, ..., and t(Q), 

chosen from the family of candidate policies J], respectively. The key point for the 

transmission scheme with feedback to use Equations (3-2) and (3-3), originally used for 
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the scheme without feedback, is to find the error probability and the number of 

transmission bits for each candidate policy. The error probability and the number of 

transmission bits should be equivalent to the parameters Pe(c'a) in Equation (3-2) and 

—s-^- in Equation (3-3), respectively. To achieve this, we use the average number of 

transmission bits and the average error probability for the transmission policy for one 

packet. 

For a packet transmission policy 71 = {cn,cK,...,cn
K

(?r)), where n{n) < M , we compute 

the average number of transmission bits by using equation 

M-l b. 

*=1 rACn ) 

k-1 
tin) + 

k-
rSCn 

U niii) 

irr—)x(rp2(4» 
1 ) 

k-\ 
n(7t) 

n(n) 

H^H-1 
H 

7=0 

k-1 
n{TC) 

b<rt(» 

))} 

+ ( 
b. 

-x 
rcicT) 

M-l 
n{n) 

+ 
M-

rACK 

)x(n^(4)) 
M-l 

n(ri) 

M-l 
n(7t) 

) 

M-\^L(n)-l 

n pe(4) 
7=0 

(3-6) 
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def 

where Pe{c„) = 1 and 
n(n) 

x is the largest integer less than or equal to . We also 
n{7t) 

compute the average error probability by using equation 

W = (11̂ (4)) 
M 

n{K) 

M-\ b<n(n) 

n peW (3-7) 
i=l 7=0 

def 
where Pe(c°) = l and 

n{it) 
is the largest integer less than or equal to . In 

n(n) 

deriving (3-7), we have assumed that the failures of different codes in correcting the 

packet are independent. 

By replacing Pe (c
l
a) in Equation (3-2) with the average error probability Pe {7tl

a) of 

the policy 7C%
a, we obtain the following cost function for the transmission scheme with 

feedback as: 

*(Q)-1 ( «(£1) 

VQ= £ bJ*Pe(x£)*U(l-PM)) + bAn)*Tl(l-Pe(<))' (3-8) 
i=l ;'=i <•=! 

Similarly, by replacing —s-r— in Equation (3-3) with the average number of transmitted 

bits R{7t'a) of the policy 7tl
a, we obtain the total average number of transmitted bits for 

the transmission scheme with feedback as: 
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<(H) 

Ba=^R{ff'Q). (3-9) 
i=l 

Based on the cost function of (3-8) and by using Equation (3-9) for the constraint on 

the total bit budget, we can use either the forward Viterbi Algorithm [13] or backward 

dynamic programming algorithm [15], [22] to obtain the optimal policy for each packet 

in the transmission scheme with feedback. Note that in the case of feedback, a packet 

transmission policy is treated similar to a single channel code in the no feedback 

scenario. 

Equation (3-9) is used to impose the constraint on the total bit budget in the 

optimization. Since this equation uses the average number of transmission bits of 

candidate policies to count the total number of transmission bits, it is possible that the 

number of polices obtained by Solution 2 is not enough for the practical image 

transmission. In other words, the actual number of packets that can be successfully 

transmitted in a practical image transmission may be larger than the expected number of 

packets that Solution 2 computes. In such cases, the additional packets will use the last 

policy of Solution 2 as their transmission policy. In our simulations, we notice that this 

special case does happen, but not often. When it happens, the number of additional 

packets is not more than 2. 

Since in general the number of candidate policies in the set r\ is large, we have 

developed a number of techniques to reduce the computational complexity of Solution 2. 

These are discussed in details in Section 3.3. 
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The implementation procedure of Solution 2 can be summarized as follows. 

1. Create the set rj of all possible policies % which meet the constraint n(7i)<M; 

2. Compute the average error probability for each policy by using Equation (3-

7); 

3. Compute the average number of transmission bits for each policy by using 

Equation (3-6); 

4. Reduce the number of candidate policies by using measures described in 

Section 3.3; 

5. Use either the forward Viterbi Algorithm [13] or backward dynamic 

programming algorithm [15], [22] to get the optimal policy for each packet 

based on the cost function of (3-8) and using (3-9) in the constraint Ba < Bm, 

where BM is the total bit budget. 

We should notice that, if the number of feedback bits is zero, i.e. n(7t)=M=l, then 

Pe(n'a) is equal to Pe(c'Q), R(n'n) is equal to —Lr- , Equation (3-9) becomes Equation 

(3-3), and Equation (3-8) becomes Equation (3-2). This means Solution 2 is also 

applicable for the FEC scheme without feedback. In fact, the FEC scheme is a special 

case of the transmission scheme with feedback, where the number of feedback bits is 

zero. Therefore, we can use a single solution - Solution 2 to solve the rate-allocation 

problem for both the transmission scheme with feedback and the FEC scheme without 

feedback. 
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3.2.3 Solution 3: Proposed Distortion-optimal Solution 

This solution is based on using the average distortion as the cost function. Similar to 

Solution 2, we modify the formulas for the transmission scheme with no feedback to be 

applicable to the system with feedback. The only difference between Solution 3 and 

Solution 2 is that Solution 3 uses the distortion cost function to obtain the optimal policy 

for each packet, while Solution 2 uses the average number of correctly received bits as 

cost function. 

Suppose that the image transmission policy for the VPP transmission scheme 

without feedback is Q - (c^,c^,...,c^(Q)), which means we use channel code cl
ato encode 

the first packet, use c£ to encode the second packet, use cl
a to encode the ith packet, an 

so on. Then the average distortion cost function can be represented as 

D = D0Pe(4)+ £ Df^Ylil-P^ + D^YYil-Wn)) (3-10) 

where D. = D(bJ), 1 < j < t(Q), is the distortion associated with the erroneous (/+l)th 

packet (assuming all the previous packets have been correctly received), and D0 is the 

source variance [22], [15]. 

Similar to Solution 2, by replacing Pe(c'a) in Equation (3-10) with the average error 

probability Pe (n
l
a) of the policy Kl

a, we can get the distortion cost function (MSE 

based) for the transmission scheme with feedback as: 
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f(£2)-l j t(il) 

7=1 i=\ i=\ 

(3-11) 

assuming that the image transmission policy is Q = ( ^ , ^ , . . . , ^ ( n ) ) . 

By simply replacing the distortion value in Equation (3-11) with the PSNR value, we 

get the distortion cost function (PSNR based) for the transmission scheme with feedback 

as: 

ô=50p.(O+ £ v.(^+i)na--/i(^))+^Q)na-^(0) (3-i2) 
7=1 i=l J=1 

where Sj is the PSNR value corresponding to the reconstruction of the image with bj 

bits, 0 < j < t(Q). 

Except the cost function and computational complexity, the implementation procedure 

of Solution 3 is completely the same as that of Solution 2. 

3.3 Measures to Reduce the Computational Complexity of Solutions 2 

and 3 

In order to reduce the computational complexity of Solutions 2 and 3, three measures 

are used to reduce the number of candidate policies as well as the number of states at 

each level of the trellis when we use either forward Viterbi algorithm or backward 

dynamic programming approach to get the optimal transmission policy for each packet. 
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1. For two possible policies Ttx and /r2, if the average number of transmission bits 

of 7t2 is greater than that of nx, but the average error probability of n2 is not 

smaller than that of nx, then n2 will be eliminated from the set of candidate 

policies and izx will remain. If nx and n2 have the same average error 

probabilities but different average number of transmission bits, then the policy 

with a greater average number of transmission bits will be eliminated and the 

other will remain. This measure can reduce the number of possible policies. 

2. When the average error probability of a policy is less than lxlO -5 , it is assumed 

to be zero. There are three reasons: (1). From the practical point of view, error 

probabilities smaller than lxlO-5 have minimal effect on the cost function and 

are equivalent to zero. (2). Our experiments show that we can achieve a better 

end-to-end performance with round threshold value lxlO"5 than with 2xl0~5, or 

lxlCT4, or lxlO -6 . (3). The computational complexity of the proposed solutions 

after using the round threshold value lxlO"5 is moderate and acceptable. By this 

measure, the number of possible policies will be greatly reduced especially for 

large number of feedback bits. From Equation (3-7), we know the average error 

probability of a policy is the product of error probabilities of the channel codes in 

the policy. So for large number of feedback bits, more policies will have an 

average error probability of 0. Only one of these policies can then remain as a 

candidate policy according to Measure 1. 



26 

3. The average number of transmission bits of a policy obtained by Equation (3-

6) is not necessarily an integer number. We round the average number of 

transmission bits to the nearest integer. By doing so, when we use either forward 

Viterbi algorithm or backward dynamic programming approach to get the 

optimal transmission policy for each packet, the number of states at each level of 

the trellis will not increase exponentially as the number of 

packets increases. Since the average number of transmission bits is rounded to an 

integer, many combinations of policies arriving at certain level of the trellis will 

have the same accumulated number of transmission bits and will be assigned to 

the same state. Therefore, by applying the Viterbi algorithm or the backward 

dynamic programming, only the policy with the largest useful source bits or the 

smallest distortion value can survive for this state. The complexity [number of 

calls to the recursive function in forward VA or backward dynamic programming 

algorithm to achieve the optimal policy] of Solution 2 is O(R) and the 

complexity of Solution 3 is 0(R2), where R is the total bit budget. For the 

discussion on complexity, please refer to [15]. In fact, a state at a certain level of 

the trellis is associated with a certain number of accumulative transmission bits. 

Such number of accumulative transmission bits can not exceed the total bit 

budget, and the number of accumulative transmission bits is an integer, so the 

number of states at a level will never be larger than the number of total 

bit budget. For example, if the total bit budget=1.0 bpp, then the number of states 

at a level will not be larger than 1.0x512x512/8 = 32,768. In fact in our 
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simulations, the number of states at a level is much less than 32,768 after using 

the above three simplification measures. 

3.4 Comparison of the Proposed Solutions with Solution 1 

Before evaluating and comparing the performance of the three solutions by 

simulations, we discuss a few differences that exist among the solutions. 

Solutions 1 and 2 both use the number of correctly received bits as the cost function, 

while Solution 3 use the distortion as the measure of performance. 

Solution 2 is superior to Solution 1 because: 

1. Solution 2 uses a precise equation to compute the average number of 

transmission bits for a policy, while Solution 1 uses an approximate equation. 

2. Solution 2 does not need to specify a threshold value pe for the error 

probability of a candidate policy, but Solution 1 has to do so. How to specify 

an appropriate pe for different scenarios is an important issue which has not 

been discussed in [21]. 

3. By using Solution 2, the transmission policy may vary from packet to packet, 

but by using Solution 1, a single policy is used for all packets. This is as if EEP 

is used for Solution 1 while Solution 2 uses UEP. 

4. The performance of Solution 2 can be predicted, while the performance of 

Solution 1 can not be predicted. For Solution 2, we can get the average number 

of transmission bits and the average error probability for the policy on each 

packet by Equation (3-6) and Equation (3-7), respectively. Then we can use 
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Equation (3-8) to obtain the average number of source bits under the 

constraint of Equation (3-9). Like the FEC scheme, the performance of 

Solution 2 can be obtained by calculation, without simulations. Our 

experiments show that the performances of Solution 2 by using equation and 

by simulation are very close. However, Solution 1 only provides a policy on 

each packet. It doesn't tell us how to compute the average number of 

transmission bits and the average error probability for the policy on each 

packet, and therefore can not use the cost function to predict the performance. 

5. Solution 3 slightly outperforms Solution 2 in most cases and has a 

substantially better performance than Solution 1. The computational 

complexity of Solution 3 is however higher than both Solutions 1 and 2. The 

improvement of Solution 3 over Solution 2 is usually larger when the average 

PSNR is used as the cost function. 

3.5 Upper and Lower Bounds on Performance 

The rate allocation solution to the ARQ scheme with feedback constraint on each 

packet should satisfy the following necessary criteria. 

1. The performance of the proposed solution should be better than that of the FEC 

scheme, which has no feedback. We can regard the performance of the FEC 

scheme as the lower bound of the performances of ARQ schemes. 



29 

2. As the number of feedback bits for each packet increases, the performance of the 

proposed solutions should continue to enhance and eventually converge to the 

performance of ARQ scheme with infinite number of feedback bits. For ARQ 

scheme with infinite number of feedback bits, each packet is re-transmitted without 

any limitation on the number of feedback bits until the transmission of the packet is 

successful or the total bit budget is exhausted. In such a scheme, the transmission 

policy for each packet is the entire family of rate-compatible channel codes ordered 

from the highest rate to the lowest rate, i.e. ff = (cl,c2,...,cJ). The performance of 

ARQ scheme with infinite number of feedback bits is better than any ARQ scheme 

with finite number of feedback bits. We can regard the performance of ARQ 

scheme with infinite number of feedback bits as the upper bound of the 

performances of the proposed ARQ schemes. 

The above criteria are very important to evaluate the performance of the proposed 

schemes as the gap between the bounds and the performance of the proposed scheme 

provides a good measure of the quality of the scheme. 
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Chapter 4 Simulation Results 

4.1 Simulation Model and Methodology 

The simulations are conducted using the standard test image Lena, of gray scale, 8 bits 

per pixel (bpp), and with dimensions 512x512. The source image is compressed with 

JPEG2000 by Kakadu software [28] first, and then packetized into fix-length packets of 

384 bytes. Each packet is transmitted with Type II HARQ scheme, protected by a 

sequence of channel codes. 

For the Type II HARQ transmission scheme as we discussed in Section 2.3, each 

packet has a policy K-{c\,c]t,...,c
n^K)) for transmission. c\. is the initial channel code 

for error protection of the packet transmission, while c\, c\, ..., cn
M

(K), c\, ..., are the 

sequence of channel codes for error protection if the packet transmission encoded by the 

previous channel codes fails. In the simulations, when a channel code c'M is chosen from 

the policy to protect the current packet, we generate a random variable X uniformly 

distributed in the interval [0, 1] to represent the transmission result of the packet. If X is 

smaller than or equal to the error probability Pe(c
%

n) of the channel code dn, then we 

assume that the packet transmission with the channel code cl
M has failed. Otherwise, we 

assume that the packet transmission is successful. If the packet transmission fails and the 

available number of feedback bits is greater than zero and the total bit budget is not 

exhausted, then we choose code c'*1 to correct the packet. Again we generate a random 
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variable X uniformly distributed in the interval [0, 1], compare it to the error 

probability Pe(c'*1) of the code c^+1, and make a decision on whether the packet 

transmission fails or is successful by comparing the values of X and Pe(c'*1). This 

procedure will continue using codes with the next lower rates until the packet 

transmission is successful, or the total bit budget is exhausted, or the packet transmission 

fails and the available number of feedback bits is zero. If the transmission of current 

packet is successful, and the total bit budget is not exhausted, then the transmission of 

next packet will start. At any point, if the total bit budget is exhausted or all the feedback 

bits for the transmission of a packet are exhausted but the packet is still in error, the 

transmission is stopped. After the transmission is terminated, the image is reconstructed 

at the receiver with the successfully transmitted source bits by Kakadu software. Then an 

end-to-end PSNR value based on the difference between the original image and the 

reconstructed one will be calculated by the Jasper software implementation of JPEG2000 

standard [29]. The final average PSNR value for each scenario is obtained by averaging 

over 50,000 trials. 

Instead of Monte Carlo simulations, one can also use Equation (3-12) to obtain the 

average PSNR for different scenarios. Our experiments show that the difference between 

the two methods, although larger for smaller total bit budgets, is negligible. 

In our simulations, the family of channel codes is rate-compatible LDPC codes, and 

the test channel is the correlated Rayleigh fading channel with SI. We use the same codes 

designed in [23]. Similar to [23], three different vehicle speeds (6 km/h, 50 km/h and 120 

km/h) are considered. For each vehicle speed, the performance of the rate-compatible 
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LDPC codes in the correlated Rayleigh fading channels is obtained from [23]. This is 

described in the following subsection. 

In order to help evaluate the performance of the proposed solutions and make 

comparisons, we also perform simulations for the ARQ scheme with infinite number of 

feedback bits and also for the FEC scheme. 

For the ARQ scheme with infinite number of feedback bits, each packet uses the whole 

set of rate-compatible channel codes as the transmission policy, i.e. 

7t = C = (cl,c2,...,cJ). q is the initial channel code for error protection of the packet 

transmission, while c2, c3, ..., c,, q , ..., are the sequence of channel codes for error 

protection if the packet transmission encoded by the previous channel codes fails. The 

transmission of one packet can continue until the transmission is successful or the total 

bit budget is exhausted, without the limitation on the number of feedback bits. When the 

total bit budget is exhausted, the image transmission is terminated. We use the same 

simulation methodology described earlier in this section to get the average number of 

useful source bits over 50,000 trials, and then to reconstruct the image with the average 

number of useful source bits. 

We can also get the number of useful source bits for the ARQ scheme with infinite 

number of feedback bits by throughput equation. For Type II hybrid ARQ scheme with 

packet transmission policy 7t = {c\,c]t,c\,..?), the throughput (P) is defined as: 

J3 = — ; '- n . (4-1) 

-^r(i-^(4))+S-^-(i-n(4))fl^^) 
rc\Cn> i=lrc\CK> j=0 
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From the equation, we can see that the throughput is in fact the ratio between the 

source bits and total transmission bits. Therefore, we can obtain the number of useful 

source bits S with the throughput P and total bit budget BM by the equation 

S = /3xBtot. (4-2) 

Our experiments show that the number of useful source bits obtained by simulations and 

by equation are very close. 

The performance of the FEC scheme is also based on the rate-optimal. The 

transmission policy on each packet is obtained by the rate-optimal cost function (3-2). As 

discussed in Section 3.2.2, the FEC scheme is a special case of ARQ scheme, where the 

number of feedback bits is zero. In our simulations, we use the same programming code 

as the Type II hybrid ARQ scheme to obtain the performance for the FEC scheme, just 

modifying the number of feedback bits to zero for the FEC scheme. 
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4.1.1 Correlated Rayleigh Fading Channel with SI: Vehicle Speed V=6 km/h 

For vehicle speed V=6 km/h, the set of code rates is {8/10, 8/11, 8/12, 8/13, 8/15, 

8/16, 8/18, 8/20, 8/22}, which corresponds to the set of codeword lengths {480, 528, 576, 

624, 720, 768, 864, 960, 1056}. The number of information bits for each packet is fixed 

at 384 bytes. The error probabilities of the channel codes at different SNR values are 

obtained from Fig. 3(a) of [23] and shown in Table 4-1. 

\ SNR 

Code \dB) 

Rates \ 

8/10 

8/11 

8/12 

8/13 

8/15 

8/16 

8/18 

8/20 

8/22 

10 

4.0x10"' 

3.0x10"' 

2.5x10"' 

2.0x10"' 

1.5x10"' 

1.0 x 10"' 

7.0xl0"2 

4.0 xlO"2 

3.0xl0"2 

12 

3.0x10"' 

2.2x10"' 

1.8x10"' 

1.5x10"' 

8.0 XlO"2 

5.0 xlO"2 

3.0X10"2 

1.6 xlO"2 

1.0 xlO"2 

13 

2.5x10"' 

1.8x10"' 

1.4x10"' 

1.0x10"' 

5.0 xlO"2 

3.0 xlO"2 

2.0 xlO"2 

8.5 xlO"3 

5.0X10"3 

14 

2.1x10"' 

1.6x10"' 

1.0x10"' 

7.0X10"2 

4.0 xlO"2 

2.0 xlO"2 

1.3xl0"2 

5.0xlO"3 

2.5 xlO"3 

16 

1.6x10"' 

1.0x10"' 

6 .0xl0 - 2 

3.5 xlO"2 

2.0 XlO"2 

1.0 xlO"2 

5.0 xlO"3 

1.7 xlO"3 

7.0 xlO"4 

18 

9.0 xlO"2 

6.0X10"2 

3.0X10"2 

2.0 xlO"2 

9.0 xlO"3 

4.8 xlO"3 

2.0 XlO"3 

6.0 xlO"4 

2.0 xlO"4 

20 

5.6 xlO"2 

3.0 xlO"2 

1.5 xlO"2 

8.0xlO"3 

4.0 xlO"3 

1.7 xlO"3 

6.0 xlO"4 

2.0x10^ 

0 

Table 4-1 Packet error probabilities of channel codes for 
correlated Rayleigh fading channel with SI, V=6 km/h 
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4.1.2 Correlated Rayleigh Fading Channel with SI : Vehicle Speed V=50 km/h 

For vehicle speed V=50 km/h, the set of code rates is {8/10, 8/11, 8/12, 8/13, 8/15, 

8/16, 8/18, 8/20, 8/22}, which corresponds to the set of codeword lengths {480, 528, 576, 

624, 720, 768, 864, 960, 1056}.The number of information bits for each packet is fixed at 

384 bytes. The error probabilities of the channel codes at different SNR values are 

obtained from Fig. 3(b) of [23] and shown in Table 4-2. 

\ SNR 

Code\dB) 

Rates \ 

8/10 

8/11 

8/12 

8/13 

8/15 

8/16 

8/18 

8/20 

8/22 

10 

2.5 xlO"1 

2.0x10"' 

1.6 xKT1 

1.2 xlO"' 

7.0xl0"2 

4.0 xlO"2 

2.0 xlO"2 

l . lxlO"2 

5.5 xlO"3 

12 

2.0x10"' 

1.5x10"' 

7.0 xlO"2 

5.0 xlO"2 

3.0 xlO"2 

1.7 xlO"2 

7.0 xlO"3 

2.8 xlO"3 

1.2 XlO"3 

13 

1.6x10"' 

9.0 xlO"2 

5.0 XlO"2 

3.2 xlO"2 

2.0 xlO"2 

9.0 xlO"3 

4.0 xlO"3 

l . lxlO"3 

5.0 xlO"4 

14 

1.2x10"' 

6.0 xlO"2 

3.0 xlO"2 

2.0 xlO"2 

1.0 xlO"2 

5.0xl0"3 

2.0xl0"3 

5.0X10"4 

2.0x10"* 

16 

6.7 xlO"2 

3.0 xlO"2 

1.4 xlO"2 

7.0xl0"3 

3.3xlO"3 

1.3xl0"3 

4.6 xlO"4 

1.0 xlO"4 

0 

18 

3.5 xlO"2 

1.3X10"2 

5.0X10"3 

2.0 xlO"3 

8.0 xlO"4 

3.0X10"4 

l.OxlO"4 

0 

0 

20 

2.0 XlO"2 

5-OxlO"3 

2.0xl0"3 

7.0 xlO"4 

2.0 xlO"1 

0 

0 

0 

0 

Table 4-2 Packet error probabilities of channel codes for 
correlated Rayleigh fading channel with SI, V=50 km/h 
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4.1.3 Correlated Rayleigh Fading Channel with SI: Vehicle Speed V=120 km/h 

For vehicle speed V=120 km/h, the set of code rates is {8/10, 8/10.5, 8/11, 8/12, 8/13, 

8/15, 8/16, 8/18, 8/20, 8/22}, which corresponds to the set of codeword lengths {480, 

504, 528, 576, 624, 720, 768, 864, 960, 1056}.The number of information bits for each 

packet is fixed at 384 bytes. The error probabilities of the channel codes at different SNR 

values are obtained from Fig. 3(c) of [23] and shown in Table 4-3. 

\ SNR 

Code\dB) 

rates \ 

8/10 

8/10.5 

8/11 

8/12 

8/13 

8/15 

8/16 

8/18 

8/20 

8/22 

10 

2.4x10"' 

1.8 xlO"1 

8.0 xlO"2 

6.0 xlO"2 

4.0 xlO"2 

2.5 xlO"2 

1.8 xlO"2 

9.0 xlO"3 

4.8X10"3 

1.8 xlO"3 

12 

U x l O " 1 

8.0xl0"2 

4.2 xlO"2 

2.5 xlO"2 

1.5 xlO"2 

8.0 xlO"3 

5.0 xlO"3 

2.5X10"3 

9.0 xlO"4 

3.0 xlO"4 

13 

1.1X10"1 

6.0 xlO"2 

3.0X10"2 

1.5 xlO"2 

8.0xlO"3 

5.0X10"3 

2.8 xlO"3 

1.3 xlO"3 

3.0x10"* 

1.0 xlO"4 

14 

8.0 xlO"2 

3.3 xlO"2 

1.6 xlO"2 

8.0 xlO"3 

4.5 xlO"3 

2.8X10"3 

1.4 xlO"3 

5.0x10"* 

l.OxlO"4 

0 

16 

4.5 xlO"2 

1.5X10"2 

7.0X10"3 

2.8X10"3 

1.4 xlO"3 

5.0X10"4 

2.0 xlO"4 

0 

0 

0 

18 

2.0 xlO"2 

6.5 xlO"3 

2.8 xlO"3 

8.0x10"* 

3.0X10"4 

1.0 xlO"4 

0 

0 

0 

0 

20 

8.0 xlO"3 

2.8X10"3 

8.2 XlO"4 

2.0 xlO"4 

0 

0 

0 

0 

0 

0 

Table 4-3 Packet error probabilities of channel codes for 
correlated Rayleigh fading channel with SI, V=120 km/h 
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4.2 The Number of Candidate Policies Left in ry after Using the 

Simplification Measures 

In Section 3.3, three simplification measures are proposed to reduce the computational 

complexity for Solutions 2 and 3. The numbers of candidate policies left in r\ for different 

cases after using the simplification measures are illustrated in Table 4-4. By comparison 

with the large number of candidate policies in r\ before using the simplification measures, 

we can see that the number of candidate policies left in r| after using the simplification 

measures is very small, and it will decrease as the number of feedback bits increases, 

even reduces to 1 for many cases. This fact demonstrates that the three simplification 

measures are effective and efficient in reducing the computational complexity of 

Solutions 2 and 3. 
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Vehicle 

Speed 

(km/h) 

6 

50 

120 

Number 

of 

Feedback 

Bits 

1 

2 

3 

1 

2 

3 

1 

2 

3 

Before 

45 

129 

255/ 

45 

129 

255 

55 

175 

385 

After 

SNR=10 

dB 

24 

29 

28 

18 

16 

8 

18 

14 

3 

SNR=12 

dB 

21 

21 

13 

16 

10 

2 

14 

8 

1 

SNR=13 

dB 

19 

17 

7 

14 

7 

2 

13 

3 

1 

SNR=14 

dB 

17 

13 

2 

10 

4 

1 

9 

1 

1 

SNR=16 

dB 

14 

8 

2 

7 

2 

1 

6 

1 

1 

SNR=18 

dB 

10 

3 

1 

6 

1 

1 

4 

1 

1 

SNR=20 

dB 

8 

1 

1 

4 

1 

1 

1 

1 

1 

Table 4-4 The number of candidate policies in n before and after using the 
simplification measures of Section 3.3 

4.3 Simulation Results of Solution 2 

In this section, we evaluate the performance of Solution 2 by simulations. We use 

Solution 2 to obtain the transmission policies for all packets first, and then use the 

simulation method described in Section 4.1 to perform simulations. The test channels are 
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correlated Rayleigh fading channels with vehicle speed V=6 km/h, 50 km/h and 120 

km/h. For each vehicle speed, simulations are performed with SNR=10, 14 and 20 dB, 

and the number of feedback bits=l, 2 and 3. 

In order to evaluate the performance of Solution 2, we also perform simulations for the 

ARQ scheme with infinite number of feedback bits and the FEC scheme. 

For each vehicle speed, the simulation results of the ARQ scheme with infinite number 

of feedback bits, the FEC scheme, and Solution 2 with the number of feedback bits=l, 2, 

and 3 are plotted in one figure in terms of PNSR vs bpp. This adds up to 15 curves in one 

figure for the three SNR values. To make the results easier to see and analyze, we also 

separately plot the curves for each SNR value. 

4.3.1 Simulation Results of Solution 2 at Vehicle Speed=6 km/h 

The simulation results are plotted in Figure 4-1 to Figure 4-4. From these figures 

we can see that: 

1. The performance of Solution 2 is always better than the performance of the 

FEC scheme. 

2. The performance of Solution 2 gets closer and closer to the performance of the 

ARQ scheme with infinite number of feedback bits as the number of feedback 

bits increases. 

3. At higher SNR values, Solution 2 can closely achieve the performance of the 

ARQ scheme with infinite number of feedback bits by a smaller number of 

feedback bits. In fact at SNR=14 dB, using two feedback bits is enough to 
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achieve a performance very close to that of infinite number of feedback bits. 

At 20 dB, only one feedback bit suffices for close to infinite feedback 

performance. This is because at higher SNR values, the performance of 

channel codes is much better. 

4. The performances of ARQ scheme with infinite number of feedback bits at 

different SNRs are very close. As the number of feedback bits increases, the 

performance of Solution 2 becomes more robust with respect to the changes in 

the channel SNR. This is such that the performance of the ARQ scheme with 

infinite number of feedback bits is almost independent of SNR in the SNR 

range of interest and greatly dependent on the total bit budget. Note that this 

result may not hold for all rate-compatible channel codes and SNRs. 

5. For a given bpp, the performance gap between the ARQ scheme with infinite 

number of feedback bits and the FEC scheme decreases as the SNR increases. 

As we know, the FEC scheme will stop receiving the bitstream when a 

decoding failure happens. At lower channel SNRs, the decoding failure 

happens earlier and therefore the performance of reconstruction image is 

worse. On the other hand, the performances of ARQ scheme with infinite 

number of feedback bits at different SNRs are almost the same. 

6. For a given SNR, the performance gap between the ARQ scheme with infinite 

number of feedback bits and the FEC scheme increases as the total bit budget 

increases. 
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Performance of Solution 2: Vehicle Speed=6 km/h 

_ - - • # -

. - - * 

- * 

- - - * 

ARQJnfiniteJeedback: SNR=10 
FEC_rate_optimal: SNR=10 
Solution_2: Feedback=1, SNR=10 
Solution_2: Feedback=2, SNR=10 
Solution_2: Feedback=3, SNR=10 

- -Q- - ARQJnfiniteJeedback: SNR=14 
- -*- - FEC_rate_optimal: SNR=14 
- -•- - Solution_2: Feedback=1, SNR=14 
- -O- - Solution_2: Feedback=2, SNR=14 
- -0- - Solution_2: Feedback=3, SNR=14 

ARQJnfiniteJeedback: SNR=20 
FEC_rate_optimal: SNR=20 
Solution_2: Feedback=1, SNR=20 
Solution_2: Feedback=2, SNR=20 
Solution_2: Feedback=3, SNR=20 

0.6 0.8 
Total Bit Budget (bpp) 

1.4 1.6 

Figure 4-1 Performance of Solution 2: V=6 km/h, SNR=10, 14, and 20 dB 
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Performance of Solution 2: Vehicle Speed=6 km/h 
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Figure 4-2 Performance of Solution 2: V=6 km/h, SNR=10 dB 
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Figure 4-3 Performance of Solution 2: V=6 km/h, SNR=14 dB 
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Performance of Solution 2: Vehicle Speed=6 km/h 
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Figure 4-4 Performance of Solution 2: V=6 km/h, SNR=20 dB 
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4.3.2 Simulation Results of Solution 2 at Vehicle Speed=50 km/h 

The simulation results are plotted in Figure 4-5 to Figure 4-8. From the figures, we can 

draw the same conclusions as those of V=6 km/h. As the speed increases the PSNR 

values at the same SNR and for the same total bit budget improve. This is due to the 

improvement in the error correcting performance of the channel codes. Also, for the same 

reason, by increasing the speed, the gap between the performance of the ARQ scheme 

with infinite number of feedback bits and the performance of the FEC scheme becomes 

smaller. Similarly the performance gap between infinite and finite feedback results 

decreases by increasing the speed. 
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Performance of Solution 2: Vehicle Speed=50 km/h 
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Figure 4-5 Performance of Solution 2: V=50 km/h, SNR=10, 14, and 20 dB 
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Performance of Solution 2: Vehicle Speed=50 km/h 
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Total Bit Budget (bpp) 

Figure 4-6 Performance of Solution 2: V=50 km/h, SNR=10 dB 



48 

42 

40 

38 

36 

Performance of Solution 2: Vehicle Speed=50 km/h 

34 
DC 
z 
CO 
0_ 

32 

30 

28 

26 

i 1 1 1 1 1 1 
1 1 1 1 1 1 1 
1 1 1 1 1 1 1 , s 

! ! ! ! ! ! --*?"" - • 
L ! 1_ J J L - = =ail_._4r;; 

15/. 

* 

I 1 ** 
i i ,"®^ 
i i , ' A ,r' 
i / • i 

1 ' ' ' its' 

/: / i 
' / 1 1 

/ 1 f 

/ 1 1 

i L J_ 

| , - ' , * ' " i 

^ i i _ - * ' i 

! - * ' ! ! 

I 

1 

1 1 1 

-O-" , - • ' ' i 
• - ' l 1 

1 1 

1 1 

1 ! , - * • 

* ' i i 

i i 

i i 

i i 

i i 

- -Q- - ARQjnfiniteJeedback: SNR=14 

- -*- - FEC_rate_optimal: SNR=14 
- -•• - Solution_2: Feedbacks, SNR=14 
- -O- - Solution_2: Feedback=2, SNR=14 

i ! i i i i i 
0.2 0.4 0.6 0.8 1 

Total Bit Budget (bpp) 
1.2 1.4 1.6 

Figure 4-7 Performance of Solution 2: V=50 km/h, SNR=14 dB 
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Performance of Solution 2: Vehicle Speed=50 km/h 
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Figure 4-8 Performance of Solution 2: V=50 km/h, SNR=20 dB 
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4.3.3 Simulation Results of Solution 2 at Vehicle Speed=120 km/h 

The simulation results are plotted in Figure 4-9 to Figure 4-12. From the figures, we 

can draw the same conclusions as those discussed for V=6 km/h and V=50 km/h. 

42 
Performance of Solution 2: Vehicle Speed=120 km/h 
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Figure 4-9 Performance of Solution 2: V=120 km/h, SNR=10, 14, and 20 dB 
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Performance of Solution 2: Vehicle Speed=120 km/h 
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Figure 4-10 Performance of Solution 2: V=120 km/h, SNR=10 dB 
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Performance of Solution 2: Vehicle Speed=120 km/h 
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Figure 4-11 Performance of Solution 2: V=120 km/h, SNR=14 dB 
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Figure 4-12 Performance of Solution 2: V=120 km/h, SNR=20 dB 
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4.4 Performance Comparison of Solution 2 and Solution 1 

In this section, we compare the performance of Solution 2 and Solution 1 in the 

correlated Rayleigh fading channels with SI at different vehicle speeds. For each vehicle 

speed, we obtain simulation results for SNR=10, 14, and 20 dB and total bit budget=0.3, 

0.6, 0.9, 1.2 and 1.5 bpp. In the simulations of Solution 1, the threshold value pe is set to 

be 0.01, as in [21]. But there is an exception, where /?g=0.03. 

4.4.1 Performance Comparison at Vehicle Speed=6 km/h 

For SNR=10 dB, we perform simulations with the number of feedback bits=l, 2 and 3. 

The simulation results are shown in Table 4-5. From the table, we can find that Solution 2 

achieves better performance than Solution 1 for all cases. For the number of feedback 

bits=l, the improvement of Solution 2 over Solution 1 is up to 1.24 dB, and increases as 

the total bit budget becomes larger. For the number of feedback bits=2, the improvement 

of Solution 2 over Solution 1 is up to 0.34 dB, and increases as the total bit budget 

increases. For the number of feedback bits=3, the improvement of Solution 2 over 

Solution 1 is up to 0.15 dB. The simulation results are also plotted in Figure 4-13. From 

the figure, we can easily observe that the performance of Solution 2 is always better than 

the performance of Solution 1 for different number of feedback bits. As the number of 

feedback bits increases, the performance difference between Solution 2 and Solution 1 

decreases, and the performances of both solutions get closer and closer to the 

performance of the ARQ scheme with infinite number of feedback bits. 
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In Section 3.4, we mentioned that selecting an appropriate threshold value pe for the 

packet error rate is an important issue for Solution 1. An example of this can be seen in 

our simulations for SNR=10 dB. The value of pe is set at 0.01 in [21]. This value 

however cannot be achieved for our system at SNR=10 dB since even the lowest rate 

code has a packet error probability larger than 0.01. In such case, what should we do with 

Solution 1? Obviously, Solution 1 is a very coarse solution, far from the optimal solution. 

For the cases in which the lowest error probabilities that the channel codes can achieve is 

bigger than 0.01 (e.g. SNR=10), we try to use different pe values for Solution 1 and 

choose the largest PSNR value that the simulations can achieve as the final simulation 

result of Solution 1. To resolve this issue, we perform a search among all the achievable 

thresholds and find the one that results in the best end-to-end PSNR. At the SNR=10 dB, 

the value of pe is set at 0.03. 

For SNR=14 and 20 dB, we perform simulations with the number of feedback bits=l. 

The simulation results are illustrated in Figure 4-14. From the figure, we can observe that 

the performance of Solution 2 is always better that the performance of Solution 1 

although the advantage is not significant. The performances of two solutions are very 

close, especially at SNR=20 dB. 
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Number of 

Feedback 

Bits 

0 0 

0 

1 

2 

3 

Solutions 

Type II Hybrid ARQ 

scheme with infinite 

feedback bits 

FEC 

Solution 1 

Solution 2 

Improvement 

(Solution 2-Solution 1) 

Solution 1 

Solution 2 

Improvement 

(Solution 2-Solution 1) 

Solution 1 

Solution 2 

Improvement 

(Solution 2-Solution 1) 

Total Bit Budget (bpp) 

0.3 

33.39 

28.84 

31.28 

31.48 

0.20 

32.56 

32.67 

0.11 

33.05 

33.20 

0.15 

0.6 

36.58 

30.81 

34.05 

34.36 

0.31 

35.64 

35.75 

0.11 

36.24 

36.34 

0.10 

0.9 

38.41 

31.71 

35.38 

36.04 

0.66 

37.33 

37.53 

0.20 

38.04 

38.11 

0.07 

1.2 

39.73 

32.20 

36.22 

37.15 

0.93 

38.45 

38.66 

0.21 

39.33 

39.41 

0.08 

1.5 

40.97 

32.48 

36.79 

38.03 

1.24 

39.31 

39.65 

0.34 

40.41 

40.54 

0.13 

Table 4-5 Performance comparison of Solution 2 and Solution 1 in dB: V=6 km/h, 
SNR=10 dB 
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Performance Comparison of Solution 2 and Solution 1: Vehicle Speed=6 km/h 
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Figure 4-13 Performance comparison of Solution 2 and Solution 1: V=6 km/h, SNR=10 
dB 
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Performance Comparison of Solution 2 and Solution 1: Vehicle Speed=6 km/h 
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Figure 4-14 Performance comparison of Solution 2 and Solution 1: V=6 km/h, SNR=14 
and 20 dB 
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4.4.2 Performance Comparison at Vehicle Speed=50 km/h 

For vehicle speed=50 km/h, we perform simulations with the number of feedback 

bits=l. The simulation results are shown in Table 4-6 and plotted in Figure 4-15. From 

Table 4-6, we can see that the performance of Solution 2 is better than the performance of 

Solution 1 for all cases except one. The performance improvement of Solution 2 over 

Solution 1 is up to 0.22 dB at SNR=10, and up to 0.30 dB at SNR=14 dB. At SNR=20 

dB, the performances of two solutions are very close. For the exceptional case in which 

the performance of Solution 2 is worse than the performance of Solution 1, the 

performance difference is only 0.01 dB, which is negligible. This is probably caused by 

the random characteristic of simulations and the fact that a solution achieving more 

useful source bits can not guarantee to achieve a higher PSNR value. From Figure 4-15, 

we can also observe that the performances of two solutions are very close at SNR=20 dB. 
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SNR 

10 

14 

20 

Number of 

Feedback 

Bits 

1 

I 

1 

Solutions 

Solution 1 

Solution 2 

Improvement 

(Solution 2-

Solution 1) 

Solution 1 

Solution 2 

Improvement 

(Solution 2-

Solution 1) 

Solution 1 

Solution 2 

Improvement 

(Solution 2-

Solution 1) 

Total Bit Budget (bpp) 

0.3 

32.21 

32.43 

0.22 

33.20 

33.21 

0.01 

33.57 

33.58 

0.01 

0.6 

35.41 

35.50 

0.09 

36.32 

36.42 

0.10 

36.74 

36.73 

-0.01 

0.9 

37.23 

37.31 

0.08 

38.06 

38.23 

0.17 

38.61 

38.62 

0.01 

1.2 

38.35 

38.47 

0.12 

39.26 

39.52 

0.26 

39.89 

39.92 

0.03 

1.5 

39.30 

39.39 

0.09 

40.39 

40.69 

0.30 

41.15 

41.17 

0.02 

Table 4-6 Performance comparison of Solution 2 and Solution 1: V=50 km/h, SNR=10, 
14 and 20 dB 
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Performance Comparison of Solution 2 and Solution 1: Vehicle Speed=50 km/h 

i i i i 

0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 
Total Bit Budget (bpp) 

Figure 4-15 Performance comparison of Solution 2 and Solution 1: V=50 km/h, 
SNR=10, 14 and 20 dB 
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4.4.3 Performance Comparison at Vehicle Speed =120 km/h 

For vehicle speed=120 km/h, we perform simulations with the number of feedback 

bits=l. The simulation results are shown in Table 4-7 and plotted in 

Figure 4-16. From Table 4-7, we can see that the performance of Solution 2 is better than 

the performance of Solution 1 for all cases except one. The performance improvement of 

Solution 2 over Solution 1 is up to 0.11 dB at SNR=10 dB, 0.12 dB at SNR=14 dB and 

0.09 dB at SNR=20 dB. For the exceptional case in which the performance of Solution 2 

is worse than the performance of Solution 1, the performance difference is only 0.01 dB, 

which is negligible and probably caused by the random characteristic of simulations. 

From Figure 4-16, we can also observe that the performances of two solutions are very 

close at SNR=20 dB. 
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SNR 

10 

14 

20 

Number of 

Feedback 

Bits 

0 

1 

0 

1 

0 

1 

Solutions 

FEC 

Solution 1 

Solution 2 

Improvement 

(Solution 2-

Solution 1) 

FEC 

Solution 1 

Solution 2 

Improvement 

(Solution 2-

Solution 1) 

FEC. 

Solution 1 

Solution 2 

Improvement 

(Solution 2-

Solution 1) 

Total Bit Budget (bpp) 

0.3 

30.65 

32.84 

32.91 

0.07 

32.32 

33.48 

33.47 

-0.01 

33.22 

33.55 

33.59 

0.04 

0.6 

33.66 

36.06 

36.10 

0.04 

35.14 

36.62 

36.65 

0.03 

36.33 

36.72 

36.75 

0.03 

0.9 

35.24 

37.84 

37.92 

0.08 

36.77 

38.37 

38.44 

0.07 

38.12 

38.58 

38.62 

0.04 

1.2 

36.41 

39.10 

39.20 

0.10 

37.88 

39.64 

39.76 

0.12 

39.28 

39.88 

39.97 

0.09 

1.5 

37.31 

40.11 

40.22 

0.11 

38.67 

40.82 

40.94 

0.12 

40.33 

41.13 

41.22 

0.09 

Table 4-7 Performance comparison of Solution 2 and Solution 1: V=120 km/h, 
SNR=10, 14 and 20 dB 
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0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 
Total Bit Budget (bpp) 

Figure 4-16 Performance comparison of Solution 2 and Solution 1: V=120 km/h, 
SNR=10, 14 and 20 dB 
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4.5 Performance Comparison of Solution 2 and Solution 3 

In this section, we compare the performance of Solution 2 and Solution 3 in the 

correlated Rayleigh fading channels with SI. For vehicle speed=6 km/h, we obtain 

simulation results for SNR=10, 14, and 20 dB and total bit budget=0.2, 0.4, 0.6, 0.8 and 

1.0 bpp. The number of feedback bits for each packet is considered to be 1. As discussed 

in Chapter 3, Solution 2 is rate-optimal solution and Solution 3 is distortion-optimal 

solution. For Solution 3, both MSE and PSNR measurements are considered in 

simulations. So at each SNR value, 3 performances are simulated: the performance of 

Solution 2, the performance of Solution 3 with MSE measurement, and the performance 

of Solution 3 with PSNR measurement. 

The simulation results are illustrated in Figure 4-17. In this figure, there are actually 9 

curves (there are 3 different SNR values and each SNR value has 3 curves), but it seems 

there are only 3 curves. This is because for each SNR value, the performance of Solution 

2, the performance of Solution 3 with MSE measurement and the performance of 

Solution 3 with PSNR measurement are very close, and therefore the 3 different curves 

look almost like one curve. 

Although the performance of Solution 2, the performance of Solution 3 with MSE 

measurement and the performance of Solution 3 with PSNR measurement are very close, we still 

can tell the small difference between any two of them. In general, the performance of Solution 2 

is better than the performance of Solution 3 with MSE measurement, but worse than the 

performance of Solution 3 with PSNR measurement. We can see this by observing Figure 4-18, 

which is the enlarged figure for SNR=10 dB. 
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Since the performance of Solution 2 is very close to the performance of Solution 3, 

while the computational complexity of Solution 2 is much lower than that of Solution 3, 

we can simply use Solution 2 to get the optimal policies for progressive image 

transmission with feedback. 

Performance Comparison of Solution 2 and Solution 3: Vehicle Speed=6 km/h 
' i r~ 

0.6 
Total Bit Budget (bpp) 

Figure 4-17 Performance comparison of Solution 2 and Solution 3: V=6 km/h, 
SNR=10, 14 and 20 dB 



67 

Performance Comparison of Solution 2 and Solution 3: Vehicle Speed=6 km/h 
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% Solution_2: Feedbacks, SNR=10 
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1 I 1 1 1 
0.2 0.4 0.6 

Total Bit Budget (bpp) 
0.8 1.2 

Figure 4-18 Performance comparison of Solution 2 and Solution 3: V=6 km/h, 
SNR=10 dB 
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4.6 Summary for the Simulation Results 

The performance comparison of Solution 2 and Solution 1 demonstrates that Solution 2 

has better performance than Solution 1. In general, at low SNR or large total bit budget, 

the advantage of Solution 2 is more prominent. From the simulation results of Solution 1, 

we can see that Solution 1 is a coarse solution, far from optimal. Another disadvantage of 

Solution 1 is the difficulty in the appropriate selection of threshold value pe. 

On the contrary, Solution 2 is a solution, which is applicable to any situation and can 

achieve a better performance than Solution 1. 

In Section 4.5, the performance comparison of Solution 2 and Solution 3 demonstrates 

that the performance of Solution 2 and the performance of Solution 3 are very close. 

We have also conducted the simulations using other standard test images such as 

Goldhill and Barbara (with gray scale, 8 bits per pixel, and dimensions 512x512) and 

get the similar results as using Lena. 
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Chapter 5 Conclusions and Future Work 

5.1 Conclusions 

In this thesis, we investigate the rate allocation problem of progressive image 

transmission over noisy channels with feedback and propose some solutions. For the 

scenario of feedback constraint on each packet, both rate-optimal and distortion-optimal 

solutions are discussed. Solution 2 is based on rate-optimal and Solution 3 is based on 

distortion-optimal. In the proposed solutions, we apply the cost functions of FEC scheme 

to ARQ scheme, by introducing the concepts of average number of transmission bits and 

average error probability for a policy. In order to reduce the computational complexity of 

the solutions, three measures are used to reduce the number of candidate policies as well 

as the number of states at each level when we use either forward Viterbi Algorithm or 

backward dynamic programming approach to implement the solutions. These measures 

are: (1). For two possible policies nx and n2, if the average number of transmission bits 

of n2 is greater than that of nx, but the average error probability of n2 is not smaller 

than that of itx, then n2 will be eliminated from the set of candidate policies and nx will 

remain. If nx and n2 have the same average error probabilities but different average 

number of transmission bits, then the policy with a greater average number of 

transmission bits will be eliminated and the other will remain. (2). When the average 

error probability of a policy is less than lxlO -5 , it will be rounded to 0. (3). The average 

number of transmission bits is rounded to the nearest integer. We demonstrate that these 
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simplification measures are effective and efficient in reducing the computational 

complexity of the proposed solutions. We also demonstrate that our proposed solutions 

achieve a better end-to-end performance than the existing solution in [21]. 

By comparing the performances of our proposed solutions, ARQ scheme with infinite 

number of feedback bits and EEC scheme, we find that: (1). The performance of our 

proposed solutions is always better than the performance of the FEC scheme. (2). The 

performance of our proposed solutions get closer and closer to the performance of ARQ 

scheme with infinite number of feedback bits as the number of feedback bits increases. 

(3). At higher SNR values, our solutions can closely achieve the performance of the ARQ 

scheme with infinite number of feedback bits by a smaller number of feedback bits. (4). 

The performance of ARQ scheme with infinite number of feedback bits at different SNR 

values are very close. (5). For a given total bit budget, the performance gap between the 

ARQ scheme with infinite number of feedback bits and the FEC scheme decreases as the 

SNR increases. (6). For a given SNR, the performance gap between the ARQ scheme 

with infinite number of feedback bits and the FEC scheme increases as the total bit 

budget increases. 

Since our proposed solutions are based on the cost functions, they have a higher 

complexity than the existing solution in [21], in which an approximate approach is used 

to find a policy and apply this policy to all packets. 

Although the simulations are performed with the JPEG2000 source code and RC-

LDPC channel codes, our proposed solutions are applicable to any source code, any rate-

compatible channel codes and any channel conditions as long as the distortion-rate 
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function of the source code, the total transmission bits and the error probabilities of the 

channel codes under the desirable channel conditions are all given. 

5.2 Future Work 

A few suggestions on future research are presented below. 

1. The rate-allocation problem with a constraint on the total number of feedback bits 

may be interesting in some applications. Formulating and solving this problem 

would be of interest. 

2. Investigation of rate allocation problem for MEVIO-OFDM systems with feedback 

would be interesting. 

3. Investigation of rate allocation problem for progressive video transmission over 

noisy channel with feedback would be interesting. Please refer to [9], [31]. 

4. Investigation of rate allocation problem for progressive image transmission over 

noisy channel with feedback by channel estimation would be also interesting. 

Please refer to [32]. 
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