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Abstract 
 

This thesis work was to examine the unequal error protection (UEP) scheme for joint 

photographic experts group (JPEG) 2000 images over an additive white Gaussian 

noise (AWGN) and a Rayleigh fading channel. The JPEG 2000 standard provides an 

effective image compression that result in increasing effect of transmission errors. To 

mitigate this problem, the UEP scheme was used to protect the region of interest (ROI) 

with a strong (63, 36) Bose-Chadhuri-Hocquenghem (BCH) code whereas the 

background (BG) with a weaker (7, 4) Hamming code. ROI is one of the features 

supported by the JPEG 2000 standard that allows compressing a specified portion of 

image with a better quality than the BG of the image. In case of equal error protection 

(EEP) scheme every information block was protected with a single code. 

This approach used both qualitative and quantitative performance comparisons 

between UEP and EEP schemes in evaluating the simulation results. Three test images of 

Lena, Elaine and Mandrill were taken in this thesis. They were compressed and tested 

over computer simulated AWGN and Rayleigh fading channel models for a range of 

signal to noise ratio (SNR) values with both UEP and EEP schemes. The qualitative 

performance comparisons involved the image perceptual quality and the quantitative 

performance comparisons were based on the statistical average peak signal to noise 

ratio (PSNR) values of the reconstructed image. 

The conclusions revealed that UEP scheme exhibits a notable growth in both 

qualitative and quantitative performance compared to conventional EEP scheme that was 

measured in terms of required SNR and decodable received images. 

 

Keywords: UEP, JPEG, ROI, BCH codes, Hamming codes, Gaussian channel, and 

Rayleigh fading. 
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Chapter 1 

Introduction 

 

1.1 Purpose 

The rapid improvement of wireless technology and the introduction of third generation 

mobile systems resulted in a considerable growth in mobile multimedia that comprises of 

image and video transmission. The wireless channels are characterized by limited 

bandwidth and high bit error rate (BER). The wireless channel is time varying in nature 

and vulnerable to fading effects. The efficient utilization of bandwidth and control over 

BER can be achieved by the use of various image compression techniques and 

convincing and powerful error correcting codes. 

 

1.2 Scope and Objectives 

This thesis work investigates the performance of unequal error protection (UEP) scheme 

over conventional equal error protection (EEP) scheme for a Joint Photographic Experts 

Group (JPEG)2000 region of interest (ROI) coded image. The investigation further 

includes various communication channel models such as an additive white Gaussian 

noise (AWGN) and a Rayleigh fading channel model. The computer simulations were 

performed for three test images for a range of signal to noise ratio (SNR) values. The 

main objectives of this thesis work are as follows: 

s Simulate Rayleigh fading and AWGN channel models. 

s Simulate two different classes of error control codes for UEP and EEP schemes. 

s Image compression using JPEG 2000 standard’s part-1 Core coding system. 

s Run the simulations. 

s Assess the results. 
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1.3 Thesis Report Organization 

Chapter 2 introduces a general communication system. It discusses the AWGN model, 

Rayleigh fading models, and modulation technique used in this thesis. It shows the 

simulated Rayleigh fading channel model example as well. 

Chapter 3 introduces error control coding (ECC) briefly. It explains the two main 

classes of ECC, used with UEP and EEP schemes in this thesis. 

Chapter 4 explains various image compression standards such as JPEG and 

JPEG 2000. It describes the JPEG 2000 standard with ROI coding in Section 4.3 along 

with some important terminology used with JPEG 2000 standard. 

Chapter 5 introduces the software used for image compression and simulation 

environment. Section 5.1 discusses the Kakadu software used for image compression 

along with basic utilities. This chapter also describes the implementation of thesis work 

in Matlab for both UEP and EEP schemes. It summarizes the thesis work simulation as 

well in the last section. 

Chapter 6 discusses the simulation results obtained. It shows the comparison 

parameters, and assesses the simulation results of each test image using qualitative and 

quantitative approach. Finally, it interprets the results in Section 6.5. 

Chapter 7 gives the conclusion and future scope of this thesis work. 
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Chapter 2 

Channel Models and Modulation 

 

A communication system is used to send and receive the information from a source to a 

user. The basic block diagram of a digital communication system is shown in Figure 2.1. 

The various signal processing operations are shown in the diagram such as: source 

coding, channel coding and modulation [1]. 

The digital source represents the information to be transmitted over the channel to 

the end user. This thesis considers a digitized image as the digital source and applied the 

basic operations on it. The test images are shown in Figure C.1 in Appendix C. 

The source coding is used in limited bandwidth requirement applications. The 

source encoder represents the digital source output efficiently by removing the 

redundancy. This thesis uses JPEG 2000 standard for image compression. 

 
The channel coding provides a reliable communication system by introducing 

redundancy bits to the actual information. The channel encoder adds redundant bits to the 

source encoded information bits in a predefined manner to generate code words. The 

channel coding is briefly explained in Chapter 3. 

Digital 
source 

Channel 
coding 

Modulation 

Channel 

Detection Channel 
decoding 

Received 
data 

Figure 2.1: Basic block diagram of digital communication system. 

Source 
coding 

Source 
decoding 
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Modulation is performed to transmit the channel encoded digital information over 

a band pass channel by changing a fixed frequency limited carrier signal in accordance 

with the channel encoded digital information. 

A communication channel is used to transmit modulated information from a 

transmitter to a receiver. A channel can be modeled physically by calculating the effects 

which modify the transmitted signal. This thesis uses noise and fading channel models, 

which are discussed in the following sections. 

In a receiver section the inverse process takes place. The received information is 

demodulated to produce the channel encoded information that effected by channel 

impairments. A channel decoder removes the redundancy using the same technique used 

in channel encoder. In source decoder expands the channel decoder output that produces 

the original transmitted information. 

 

2.1 Introduction to Simulated Channel Model 

The simulated channel model is shown in Figure 2.2. The signal x(t) is the input signal to 

the channel, a(t) is the fading signal. The input signal gets multiplied with the fading 

signal of the channel. 

 
A noise signal n(t), additive in nature, impairs the signal as well in the channel. Hence the 

outcome of the channel can be given as: 

y(t) = x(t) × a(t) + n(t)     (2.1) 

 

2.2 AWGN Channel 

The term additive indicates that an AWGN is added up with the transmitted signal in the 

channel. Many natural sources exist those generate AWGN. One of the best examples is 

 

 

x(t) 

a(t) n(t) 

y(t) 

Figure 2.2: Simulated channel models. 
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the thermal noise generated in antennas. White noise describes that the noise generated is 

independent of transmitted signal frequency and its power spectral density is constant 

over all the frequency range. The noise samples are taken by following a Gaussian 

distribution, hence the name AWGN. 

In this thesis, the AWGN channel model produces background Gaussian noise 

using simple mathematical model with zero mean, which is used along with the Rayleigh 

fading channel model. 

 

2.3 Rayleigh Fading Channel 

Rayleigh fading model is an appropriate simulation model to describe the statistical time 

varying nature of the received flat fading signal with many scatters in the mobile 

transmitter-to-receiver path. 

This approach uses Clarke’s Model [2] for flat fading, which uses the envelope of 

the sum of two quadrature Gaussian noise signals. This model assumes a fixed transmitter 

with vertically polarized antenna and the field incident on the mobile antenna comprises 

of N azimuthal plane waves in the absence of a direct line-of-sight path. Due to the 

motion of mobile antenna every incident wave experiences a Doppler shift. For the nth 

wave, which arrives at an angle nα , the Doppler shift is given as follows: 

nn

v
f α

λ
cos=      (2.2) 

where λ is the wavelength of incident wave. 

The Doppler shift is very small compared to the carrier frequency hence the 

incident field components can be approximated as Gaussian random variables and the 

E-field can be expressed in in-phase and quadrature form as given below: 
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The )(tTc  and Ts(t) are Gaussian random processes with uncorrelated zero-mean 

random variables and an equal variance of 2/2
0E . Then the envelope of the received 

E-field is given by: 

)()()()( 22 trtTtTtE scz =+=    (2.6) 

Using Jacobean transformation one can show that the received signal envelope 

has a Rayleigh distribution [2]. The resulting power spectrum due to Doppler shift is 

given as below: 

2

1

5.1
)(








 −
−

=

m

c
m

E

f
ff
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π

   (2.7) 

where fm is the maximum Doppler shift and fc is the carrier frequency. 

This thesis uses Equation (2.6) for simulating the Rayleigh fading waveforms 

with proper time correlation. Smith proposed a simulation methodology [4], which is 

given in below steps: 

s Define number of frequency domain points N to represent the Doppler power 

spectrum and maximum frequency shift. 

s Compute the frequency spacing between adjacent spectral lines that defines the 

time duration of a fading wave form. 

s Generate the positive and negative frequency complex Gaussian random variables 

that result as in-phase and quadrature components. 

s Multiply the in-phase and quadrature components with the power spectrum. 

s Perform inverse fast Fourier transform (IFFT) on the resulting frequency domain 

signals from in-phase and quadrature arms, which gives N length time series. 

s Add the squared series of both arms. 

s Finally take the square root of the sum obtained from the previous step. This gives 

a typical Rayleigh fading signal of N-point time series with specified Doppler 

shift and proper time correlation, which replicates Equation (2.6). 

 

An example of a simulated Rayleigh fading signal that is normalized about the 

mean is shown in Figure 2.3 with a maximum Doppler shift of 20 Hz and 200 frequency 

domain points at a carrier frequency of 900 MHz. 
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Figure 2.3: Simulated Rayleigh fading envelope at 900 MHz carrier frequency. 

 

2.4 Modulation 

Modulation is the process in which the amplitude, frequency or phase of a carrier varies 

depending on the modulating input. In digital modulation, the modulating input is either 

binary data or an M-ary encoded binary data. There are three basic digital modulation 

formats based on the three parameters amplitude-shift keying, frequency-shift keying and 

phase-shift keying. 

This thesis uses the base band Binary Phase Shift Keying (BPSK) modulation 

technique by mapping a binary 0 to -1 and binary 1 to +1. At the receiver end the 

demodulator outputs a binary 1 for an input that is greater than or equal to zero, else gives 

a binary 0. 
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Chapter 3  

Channel Coding 

 

The goal of a communication system is to transmit the information without any loss. The 

channel impairments discussed in Chapter 2 along with interference, and reflective path 

create errors in the message being transmitted, which is measured in terms of BER. 

Channel coding is a method in which the reliability of the channel increases by reducing 

the information rate. This can be accomplished by adding redundancy to the information 

being transmitted. This process leads to a longer coded symbols vector than the actual 

information. The receiver can be able to detect and correct the corrupted bits in the 

channel using these redundant bits [5]. This thesis uses two classes of ECC discussed in 

the following sections. The simulated performance plots of these two classes are shown 

in Section 3.2. 

 

3.1 Introduction to Error Control Coding 

ECC or channel coding technique is used to detect and correct the errors by means of 

replacing the original information bits with a new longer code word. Adding redundancy 

leads to use of more bits to convey information than the actual bits required. 

Different strategies exist in classification of the ECC depending on the channel 

link types between transmitter and receiver or error detection type, and presence of 

memory in the encoder. There are two general classes for ECC based on channel link. 

The first one is forward error correction (FEC) which uses controlled redundancy for 

both detection and correction of errors and is suitable for one-way link. Another is 

automatic repeat request (ARQ) that depends on the combined use of error detection and 

retransmission of corrupted data. It is suitable for half-duplex or full-duplex links [6], [7]. 

The other classification of ECC depending on the presence of memory is into two types 

called linear block codes and convolutional codes. These two codes come under error 

correction codes as well. 

In error detection coding, the receiver can only be able to find out whether the 

transmitted signal received without any errors or not. If any error occurs in the code the 
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receiver cannot detect the error bit position but it requests the transmitter to re-transmit 

the message. In error correcting coding, the receiver has the ability to detect the error bit 

positions and correct as well. The detection and correction capability depends on the 

minimum distance of the code words. 

Block codes are used to improve the transmission performance in practice. In 

block codes, redundancy is added to fixed length blocks of information bits to form code 

words. In a block encoder k information bits are encoded into n code bits with n − k 

redundant bits. This block code is referred to as (n, k) block code with code rate equal to 

the ratio of number of information bits and code bits. The code rate is given as: 

Rc = k ⁄ n.      (3.1) 

 

One of the parameters of block codes is minimum distance, which is defined as the 

minimum number of bits that differ between any two valid code words. A code with a 

larger minimum distance is more powerful. A powerful code consists of more 

redundancy, which reduces the BER. 

 

3.2 Error Protection Schemes in this Thesis 

This thesis uses two classes of linear block codes such as Hamming and 

Bose-Chadhuri-Hocquenghem (BCH) codes for protecting the information over a noisy 

channel. The use of block codes allows one to switch easily between different classes of 

codes to protect different parts of the compressed image unequally. 

This thesis uses two types of error protection methods called EEP and UEP. The 

EEP method uses a single class ECC for the whole information or data stream of a 

compressed image so that every message bit is protected equally. Whereas the UEP 

method maximizes the received image quality using a more powerful code for the data 

stream that conveys the ROI and a less powerful code for the remaining data stream that 

represents the BG of the compressed image [8]. 

 

3.2.1 EEP Scheme 

EEP scheme in this thesis uses the (7, 4) Hamming code for protecting data stream of 

compressed image which is in the JPEG 2000 format. Hamming codes are one of the 
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simple classes of block codes with single error correcting capability. This code has the 

following parameters [7]: 

(n, k) = (2m − 1, 2m – 1 − m)    (3.1) 

where n is the block length, k is the number of message bits and m = n – k ≥ 3 is the 

number of parity bits. These codes have a minimum distance dmin of 3. The error 

correcting capability t is given as: 

t = (dmin − 1) ⁄ 2     (3.2) 

Hence the (7, 4) Hamming code can correct up to one error. 

 

3.2.2 UEP Scheme 

As discussed above, UEP scheme requires two code classes to mitigate the effect of 

transmission errors. In this thesis, the ROI of the JPEG 2000 compressed image data 

stream is protected using (63, 36) BCH code and the BG is protected using 

(7, 4) Hamming code. 

BCH codes are generalized codes of Hamming codes with multiple error 

correction [9]. These codes are one of the important classes of cyclic block codes. As 

they allow a wide range of block lengths of n = 2m − 1, where m = 3, 4 …, it is possible to 

use a large selection of code rates and error correcting capability. A BCH encoder takes k 

information bits and produces n code bits. The generator polynomial for a systematic 

BCH encoder is given by g(x), which can be written as below: 

....)( 1
1

2
210

kn
kn

kn
kn xgxgxgxggxg −

−
−−

−− +++++=   (3.3) 

The generator polynomial formulates the codeword of length n for a message block of 

length k by adding (n − k) parity bits, which are determined from the message block bits 

following the rules imposed by generator polynomial. The minimum distance dmin and 

error correcting capability t can be calculated using the below equations: 
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      (3.4) 
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(b) 

Figure 3.1: BER performance comparisons between (63, 36) BCH code and (7, 4) Hamming 
code over (a) an AWGN channel and (b) Rayleigh fading channel. 
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Using the expressions given in Equation (3.4), for an m = 6, n = 63, and k = 36 we get an 

error correcting capability t of 5 and the minimum distance is 11. 

Comparing the minimum distances of (7, 4) Hamming and (63, 36) BCH codes, it 

shows that the BCH codes have a larger distance with same code rate. This causes a 

stronger protection with the BCH codes for an ROI of the codestream, which results in a 

very good quality of image in the ROI. This phenomenon can be seen in Figure 3.1. 

Figure 3.1 shows the BER performance comparison plots between the 

(63, 36) BCH code and (7, 4) Hamming code over an AWGN and a Rayleigh fading 

channels. These results reveal that the information coded with BCH codes is much lesser 

prone to channel errors compared to the Hamming coded information provided the same 

SNR values. To achieve the same BER, the BCH codes require a smaller SNR values 

than the Hamming codes. This allows us to receive the ROI image without any errors at 

higher SNR values using UEP. 
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Chapter 4 

Image Formats 

 

The image compression standards allow transmitting the compressed data from and to 

various devices and applications. These facilitate a common hardware or software for a 

vast number of products, which leads in reducing the cost and development time. 

Information processing such as image storage and retrieval is dealt by the International 

Organization for Standardization (ISO) and the International Electrotechnical 

Commission (IEC). Information transmission is dealt by the International 

Telecommunications Union – Telecommunications Sector (ITU-T), which is formerly 

referred to as CCITT [10]. Here the JPEG 2000 compression coding works as the source 

encoder on the digitized image. 

 

4.1 Introduction to JPEG 

The JPEG stands for Joint Photographic Experts Group, which was organized in1986 and 

approved as ISO10918-1 in 1994 [11]. The IS 10918 is split up into four parts. They are: 

s Part 1 - ISO/IEC 10918-1 | ITU-T Recommendation T.81: Digital Compression 

and Coding of Continuous- Tone Still Images: Requirements and guidelines. The 

basic standard defines many options for photographic quality still image coding. 

s Part 2 - ISO/IEC 10918-2 | ITU-T Recommendation T.83: Compliance testing. 

This standard sets rules and checks the software for part 1. 

s Part 3 - ISO/IEC 10918-3 | ITU-T Recommendation T.84: Extensions. This 

standard adds a set of extensions such as SPIFF file format. 

s Part 4 - ISO/IEC 10918-3 | ITU-T Recommendation T.86: Registrations. This 

defines methods to register the JPEG extension parameters. 

 

The JPEG standard specifies how an image is compressed into a byte stream, expands 

back into an image, and gives the format of file that contains the byte stream. Several 

modes of compression techniques exist in the JPEG standard such as sequential discrete 
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cosine transform (DCT)-based, progressive DCT-based, sequential lossless, and 

hierarchical mode [11], [12]. 

The sequential DCT-based mode is the most popular one among these. It supports 

lossy coding, in which the image is partitioned into 8 × 8 blocks. These are transformed 

with DCT in block wise order. The transformed blocks are quantized with a uniform 

scalar quantizer and entropy coded with Huffman coding, that results in a compressed 

image. The quantization step is same for all the DCT coefficients. The decoder performs 

the inverse procedure within the encoder so as to decompress the image to its original 

form. The sequential lossless mode uses an algorithm, which involves predictive method. 

The prediction is based on three nearest causal neighbors. The prediction error is entropy 

coded with Huffman coding. In case of progressive and hierarchical modes, these use 

lossy compression technique. The only difference is the way in which DCT coefficients 

are coded. These modes result in a lower quality, resolution version of the original image. 

Some of the applications of JPEG are consumer imaging such as digital cameras, 

picture disk, professional imaging, medical imaging, internet imaging, remote sensing, 

mobile etc. 

 

4.2 Introduction to JPEG 2000  

The JPEG 2000 is a new image compression standard that uses wavelet transform. This 

standard was accepted as an ISO/IEC 15444 in December 2000 [13]. It has 12 parts as 

follows: 

s Part 1 – Core coding system (intended as royalty and license free free – NB NOT 

patent free). 

s Part 2 – Extensions (adds more features and sophistication to the core). 

s Part 3 – Motion JPEG 2000. 

s Part 4 – Conformance. 

s Part 5 – Reference software. 

s Part 6 – Compound image file format (document imaging, for pre-press and fax 

like applications, etc.). 

s Part 7 has been abandoned. 

s Part 8 – JPSEC (security aspects). 

s Part 9 – JPIP (interactive protocols and API). 
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s Part 10 – JP3D (volumetric imaging). 

s Part 11 – JPWL (wireless applications). 

s Part 12 – ISO Base Media File Format (common with MPEG-4). 

 

It offers a wide range of additional significant features over JPEG standard, which 

include [10], [14]: 

s Improved compression performance reproduces the image at lower bit rates. 

s Multiple resolution and rate scalability. 

s Progressive transmission allows a lossy to lossless progression. 

s Lossless and lossy compression techniques. 

s Ability to define ROI that can be compressed at a higher resolution or losslessly 

to preserve the image features by supporting spatial random code stream access 

and processing. 

s Improved error resilience results in mitigating the bit errors introduced in the 

noisy channel. 

s Flexible file format. 

 

This thesis uses codec defined in part1-core coding system of the JPEG 2000 

standard, which is referred to as ISO/IEC 15444-1 along with the ROI encoding using 

maxshift method, explained briefly in the following paragraphs [10], [14]. 

This standard provides an image compression system with great flexibility to both 

compress and access the compressed data, which can be called as a codestream and often 

denoted in hexadecimal notation. Figure 4.1 shows the JPEG 2000 encoder block 

diagram and Figure 4.2 shows the decoder block diagram. 

The JPEG 2000 encoder processes the input data with a nominal dynamic range 

symmetric about to zero. The preprocessing stage processes the image in two stages, 

color components transformation and tiling to provide such data from the input image. 

Color components transformation leads to three components from the 

red-green-blue (RGB) color space that are manipulated separately. 

The JPEG 2000 standard defines two color transforms. They are: 

s Reversible color transform (RCT) uses a modified YUV color space with an 

integer-to-integer mapping, which does not cause quantization errors. This leads 

to a fully reversible transformation intended for lossless coding. 
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s Irreversible color transform (ICT) uses YCBCR color space with floating or 

fixed-point implementation. This results in round-off errors and an irreversible 

transformation that gives lossy coding. 

 

 

 
 

 
The tiling is the process in which the image is partitioned into rectangular 

non-overlapping blocks of equal size in order to minimize the memory requirement of a 

codec. These tiles can be compressed separately using own set of parameters. A direct 
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current (DC) offset is introduced in preprocessing to make each unsigned sample value 

symmetric around zero by subtracting a fixed value from them. 

The individual components of the preprocessed image are transformed using the 

discrete wavelet transform (DWT). The wavelet transform splits a component into 

number of frequency bands or sub-bands, whose statistical properties allow the codec to 

produce a more efficient coded data compared to original untransformed data. The 

baseline codec supports both reversible integer-to-integer and non-reversible real-to-real 

wavelet transforms. A 5⁄3 transform is reversible and produces a lossless coding it can be 

used for either lossless or lossy coding, whereas 9/7 transform is non-reversible and 

results in a lossy coding. 

The transform coefficients are scalar quantized to allow a greater compression 

with a desired image quality level in the encoder, in which they map to a quantization 

index. In integer mode, the quantization step sizes are always fixed so that the quantizer 

can be ignored and the quantizer indices and transform coefficients will be the same. 

Hence the lossless coding is possible. In case of real mode the quantization steps size will 

be taken in accordance with the rate control. 

Tier-1 coding is performed on the quantizer indices. It splits the quantizer indices 

of each sub-band into code blocks. Code blocks are rectangular in shape, and their size 

can be defined in the coding process, which is to be an integer power of two and the 

product of height and the width of the code block should not exceed 4096. With these 

parameters, each code block is coded independently using a bit-plane coder. The bit-

plane coder generates an embedded code comprised of numerous coding passes for each 

code block. Hence the output of a tier-1 coder is a collection of coding passes for 

different code blocks. On the decoder side the inverse process takes place. 

The tier-1 encoding is followed by tier-2 encoding. The coding pass information 

from the set of bit-plane coding passes is packetized. These data units are called as 

packets those comprised of two parts one is header and another is body. The header 

shows the involved coding passes while the body contains the actual coding pass data. 

These packets result in output to the final code stream. This packetization process 

involves many important codec features such as SNR, resolution, spatial, ROI and 

arbitrary progression and scalability. The decoder follows the inverse process specified in 

the encoder. 
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4.3 Region of Interest Coding 

The JPEG 2000 encoder has a feature called ROI coding. The ROI coding allows coding 

of different regions of an image with different fidelity. The ROI is coded with a higher 

quality compared to the BG region [15]. 

The basic principle of ROI coding is identifying the wavelet transform 

coefficients contributing to the ROI, and then encoding these with a greater quality than 

the rest of the coefficients. 

In ROI encoding using general scaling, the quantized ROI wavelet transform 

coefficients are shifted upwards by s bitplanes and coefficients those belong to BG 

remain unchanged. It causes to encode ROI coefficients earlier. The ROI shift s, which 

controls the quality of ROI and BG, is included in the codestream. The ROI coefficients 

are shifted back before dequantization at the decoder end. 

In case of ROI encoding that uses maxshift mode, the ROI shift value s is taken 

such that the least significant bit (LSB) of all shifted ROI coefficients is placed above all 

BG coefficients most significant non-zero bit (MSB). This method does not demand the 

ROI shape to include in the codestream. The advantages of maxshift method are: supports 

arbitrary and disjoint ROI shapes, can avoid ROI shape in code stream, visual quality can 

be improved by optimizing ROI mask at the encoder. 

 

4.4 JPEG 2000 Important Terminology 

s Codestream is defined as the compressed image data that includes all parameter 

specifications being used in encoding process required for the decoding and 

expansion into image data. It is a linear stream of bits, often divided into bytes for 

hexadecimal representation. 

s Rate control mechanism allows achieving a specific compression ratio with the 

best possible quality of the image for each layer or entire codestream. 

s Code block is a group of coefficients shaped into a rectangle from the same sub-

band of a tile component. 

s Layer is a collection of consecutive bit plane passes compressed data from one or 

more code blocks of a tile component. The image quality can be increased by 

each layer, and is often denoted with peak signal to noise ratio (PSNR) or visual 

quality levels. 
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s Packet is a part of the bit stream comprising a packet header and packet body 

from one layer of tile component decomposition level. The packet header 

specifies the layer, decomposition level, component, and the code block segment 

lengths involved in encoding, whereas the packet body carries the coded image 

data. 

s File format contains the codestream required for image data decoding and 

additional support data and important information of the image, which is used in 

particular applications [16]. 
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Chapter 5 

Simulation Environment 

 

So far the previous chapters discussed the channel simulation, modulation involved, and 

the image formats that are used in this thesis. This chapter deals with the simulation 

technique, and the software used for implementation. The image to be transmitted is 

encoded with JPEG 2000 standard with ROI encoding. In this thesis, the image is 

compressed and converted into a hexadecimal codestream with .j2k extension using 

Kakadu software [17]. An introduction to Kakadu software is given in Section 5.1. 

Implementation of the work in various steps using Matlab is explained in Section 5.2. 

Finally, the summary of simulation details is given briefly in Section 5.3. 

 

5.1 Kakadu Software 

Kakadu software is a complete implementation of the JPEG 2000 standard part-1 core 

coding system. The applications of Kakadu software includes compression or 

decompression of the JPEG 2000 images and video, medical imaging, geospatial 

imaging, efficient interactive image rendering, efficient remote browsing of large images, 

and digital cinema. 

Kakadu software provides demonstration of a wide range of utilities with the 

image can be compressed, decompressed, rendered, transcoded, and etc. “kdu_compress” 

used for the image file compression in a vast number of formats. Massive and even 

medical images can be compressed in fragments using this command. The image can be 

decompressed and reconstructed from the JPEG 2000 codestream using “kdu_expand” 

utility. The JPEG 2000 in any form like raw codestream, JP2 file, and JPX compositing 

layer can be decompressed and saved to a memory buffer using the “kdu_render” utility. 

Many of the JPEG 2000 transcoding operations are demonstrated by the “kdu_transcode” 

utility. An interactive decompression and display rendering are well explained with the 

“kdu_show” utility, which is very useful in medical image volumes, animations, metadata 

overlays and motion video. Apart from these, Kakadu is useful in digital cinema 

applications which use kdu_v_compress, kdu_v_expand, kdu_merge, and kdu_show 
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utilities. JPEG 2000 standard’s interactive browsing also supported by the Kakadu 

software using the “kdu_server” utility. 

This thesis uses some basic utilities like kdu_compress, kdu_expand, and 

kdu_show in Kakadu v6.1 version. The various options are available in Kakadu such as 

rate control, codeblock size allocation, ROI, number of layers, reversible mode, and file 

formats etc. The parameters can be passed to kdu_compress and kdu_expand executables 

from the command line. 

 

5.2 Matlab Implementation 

Matlab is a high performance language for technical computing. Matlab integrates 

programming, computation, and visualization in a user friendly environment. Matlab can 

be used in some typical applications such as: math and computation, developing 

algorithms, acquiring data, modeling, simulation, visualization, and graphics etc. 

The code implemented in different steps for this thesis. The computer simulation 

includes image compression, binary data extraction from the codestream of JPEG 2000 

image, channel encoding, modulation, transmitting the data over a Gaussian and Rayleigh 

fading channel, extraction of data, and finally the image reconstruction. All these steps 

are discussed here. 

Three test images Lena, Elaine, and Mandrill shown in Figure C.1 in Appendix C, 

each of size of 512 × 512 pixels have been taken for testing. Optimal ROI is selected for 

these images in such a way that the part attracts viewer’s attention that uses subjective 

visual quality assessment [18]. The image is compressed using “kdu_compress” 

command with parameters such as three quality layers, a rate of 1.5 bits per pixel (bpp), 

default code block of size 64 × 64, one tile component, and lossless compression using 

maxshift ROI method. This encodes the image by assigning higher priority to ROI data 

and places this in the beginning of the codestream. The ROI encoded codestream have 

many quality layers, which leads to lossless reconstruction of the ROI before any 

information of BG getting decoded. This phenomenon can be seen for three test images 

in Figure C.3 to Figure C.5 in Appendix C. These figures show that as the decoding rate 

increases the quality of the ROI increases rapidly and reaches a peak before the BG get 

reached a considerable quality. 
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5.2.1 Codestream structure 

This thesis uses .j2k format compressed file that excludes JP2 boxes (see Figure C.2). 

This format has the following codestream structure. The markers such as start of 

codestream (SOC), image and tile size (SIZ), coding style default (COD), and 

quantization default (QCD), region-of-interest (RGN), comment and extension (COM) of 

the Kakadu software version, and comment and extension (COM) of the Kakadu-layer-

information are placed in the main header which consists of first 229 bytes in the 

codestream. The main header followed by a tile-stream, which consists of tile header and 

tile stream. The start of tile (SOT) and start of data (SOD) markers are placed in tile 

header that exists between 230 and 243 bytes of the codestream. The tile header followed 

by a packet stream which is a sequence of data packets used for reconstruction of the 

image. The Kakadu compress command arranges the ROI packets in the beginning of 

codestream followed by the BG information packets. All these packets lie in the 

codestream between 244 and 48,914 bytes. The last two bytes conveys the end of 

codestream (EOC) marker for the compressed Elaine image. The number of packets in a 

codestream varies for each image, but with the same position of markers. 

 

5.2.2 Common Matlab Functions  

This thesis uses some common functions such as binary data extraction from the 

hexadecimal codestream, modulation, Gaussian and Rayleigh fading channels, 

demodulation, image reconstruction and quality assessment for both EEP and UEP 

scheme. These two schemes differ in encoding and decoding only. The simulated channel 

model and modulation are given in Chapter 2. 

 

5.2.3 EEP Simulation 

In EEP simulation, the entire image is protected with a single code. Here we use 

(7, 4) Hamming code for the codestream protection that is discussed in Chapter 3. The 

binary information of the codestream is encoded using the Hamming codes. For each 

value of SNR the encoded code words are transmitted over the simulated channel. At the 

decoder, demodulation and decoding are performed. Here the decoded bit stream is used 

to calculate the BER of the channels individually. The image is then reconstructed back 

using the Matlab function. The image quality assessment can be carried out to measure 

the PSNR of the reconstructed image. 
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5.2.4 UEP Simulation 

In case of UEP simulation, the entire codestream is separated into two parts, one is the 

ROI another is BG. The separation process considers the Figure C.3 to Figure C.5 in 

Appendix C, which reveal the ROI codestream of the image. The rate at which the ROI 

PSNR reaches considerably maximum and BG PSNR starts raising is taken as the margin 

of separation. The first part belongs to the ROI information and the rest to BG. 

This thesis uses (63, 36) BCH code for protecting the binary converted ROI 

codestream, whereas (7, 4) Hamming code for the BG codestream. The rest of the 

simulation process is same for UEP too. 

 

5.3 Simulation Summary 

These simulations are carried out in the following way: 

s For each figure 

s For each channel type 

s For each scheme 

s For each SNR value 

The computer simulation was run for minimum three times for each SNR value due to 

time and system constraints. The PSNR of ROI, BG, and total image is taken from each 

simulation. The average PSNR of ROI, BG and total image is calculated from these 

observations for plotting the comparison curves of both EEP and UEP. The reconstructed 

images and the plot results are shown in Chapter 6. 
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Chapter 6 

Simulation Results 
 

Three gray scale test images of the Lena, Elaine and Mandrill each of size 512 × 512 

pixels have been taken for simulation in order to compare the performance of EEP and 

UEP schemes. For each simulation point, at least three computer simulations have been 

performed to average the statistical variations. All the images are compressed at a bit rate 

of 1.5 bpp, with three quality layers, lossless compression and specified ROI in the 

Kakadu compress command. The qualitative and quantitative performance results of all 

the test images with UEP and EEP schemes are discussed in the following sections. We 

summarize these results in Section 6.5 based on SNR values. 

 

6.1 Comparison Parameters 

The results are compared using the image quality in terms of average PSNR of ROI, BG 

and total image of transmitted and reconstructed image at the receiver end.  The 

performance of EEP and UEP over both the Gaussian and a Rayleigh fading channel is 

plotted against SNR of the system. 

The PSNR is defined as the ratio of maximum power of a signal to the noise 

power. It is often denoted in decibels (dB) and can be expressed as given below [8]: 
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where m = 512, n = 512, I(i, j ) and K(i, j) are the transmitted and reconstructed image at 

the receiver respectively. 8 bits represent each pixel of a gray scale image, which leads to 

28 quantization levels for each component with maximum quantized amplitude of 28−1 

that equals to 255. 
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6.2 Simulation Results of Test Image Lena 

The Lena image is encoded to JPEG 2000 ROI coded image with a total PSNR of 

38.9 dB, ROI PSNR of 65.56 dB and BG PSNR of 38.09 dB, which is shown in 

Figure 6.1(a). The encoded image is transmitted over the computer simulated AWGN and 

Rayleigh fading channels to compare the UEP and EEP schemes. The qualitative and 

quantitative performance results over AWGN and Rayleigh fading channels are given in 

Section 6.2.1 and 6.2.2 respectively. 

 

6.2.1 Qualitative Performance Assessment 

The received images of Lena with both UEP and EEP are shown in Figure 6.1 to 

Figure 6.6 over an AWGN and a Rayleigh fading channel. Figure 6.1 shows the original 

transmitted image and the reconstructed image with UEP scheme at an SNR value 

of 5 dB over an AWGN channel that is insufficient for the EEP images to be decoded 

with Kakadu JPEG 2000 decoder. 

 

 
(a) 

 
(b) 

Figure 6.1: Qualitative performance assessment of test image Lena over an AWGN channel (a) 
Original transmitted image (b) Image received with UEP scheme at SNR = 5 dB. 
 

Figure 6.2 shows the reconstructed images with UEP scheme in the left column 

and EEP scheme in the right column over an AWGN channel. Comparison of these UEP 

and EEP decoded images reveals that the ROI of the image is protected strongly against 

the transmission errors with the UEP scheme for same SNR values. The image can be 

received without errors at an SNR value of 9 dB and above in case of UEP and it 

replicates the original transmitted image, hence not shown here. With the EEP scheme, 

the quality of image improves noticeably at an SNR of 9 dB and above and reaches the 

original image quality at 10 dB. These images are shown in Figure 6.3. 
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(a) 

 
(c) 

 
(e) 

 
(g) 

 
(b) 

 
(d) 

 
(f) 

 
(h) 

Figure 6.2: Qualitative performance comparison between UEP and EEP schemes for test 
image Lena over an AWGN channel with (a) and (b) SNR = 6 dB, (c) and (d) SNR = 7 dB, 
(e) and (f) SNR = 7 dB, and (g) and (h) SNR = 8 dB. 
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(a) 

 
(b) 

Figure 6.3: Qualitative performance of test image Lena over an AWGN channel with EEP 
scheme when (a) SNR = 9 dB and (b) SNR = 9.5 dB. 
 

Figure 6.4 shows the images protected with UEP scheme at smaller SNR 

values of 20 dB and below over a Rayleigh fading channel, which are insufficient for the 

EEP images to be decoded with Kakadu JPEG 2000 decoder. It shows that the ROI 

portion is better protected compared to the BG even for lower values of SNR with UEP 

scheme over a Rayleigh fading channel. 

 

 
(a) 

 
(b) 

 

(c) 

Figure 6.4: Qualitative performance assessment of test image Lena over a Rayleigh fading 
channel with UEP when (a) SNR = 12 dB, (b) SNR = 15 dB and (c) SNR = 20 dB. 
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(a) 

 
(c) 

 
(e) 

 
(g) 

 
(b) 

 
(d) 

 
(f) 

 
(h) 

Figure 6.5: Qualitative performance comparison between UEP and EEP schemes for test 
image Lena over a Rayleigh fading channel with (a) and (b) SNR = 24 dB, 
(c) and (d) SNR = 26 dB, (e) and (f) SNR = 28 dB, and (g) and (h) SNR = 30 dB. 
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One can compare the EEP and UEP schemes over a Rayleigh fading channel 

using the Figure 6.5. This shows the received images with UEP scheme in left column 

and EEP scheme in right column. Observing these images, for the same SNR values the 

perceptual quality of the received image with UEP scheme is much higher than EEP 

scheme based on visual quality assessment [22]. The image can be received without any 

transmission errors at an SNR value of 30 dB and above with the UEP scheme, so the 

images for 32 dB and 34 dB with UEP scheme are not shown here. With the same SNR 

value of 30 dB, the received image visual quality is not good enough with the EEP 

scheme. The quality of the received images improves further with the increase in SNR 

and reaches maximum at an SNR of 34 dB in case of EEP scheme that can be seen in 

Figure 6.6. 

 

 
(a) 

 
(b) 

Figure 6.6: Qualitative performance of test image Lena over a Rayleigh fading channel with EEP 
scheme when (a) SNR = 32 dB and (b) SNR = 34 dB. 
 

6.2.2 Quantitative Performance Assessment 

The performance can be assessed quantitatively comparing the average PSNR values of 

the image in ROI, BG and the whole image under both UEP and EEP schemes. 

Figure 6.7 shows the quantitative performance of Lena image with both UEP and EEP 

schemes for a range of SNR values over AWGN and Rayleigh fading channels. The 

numerical tables of these results are given in Table B.1 and B.2 in Appendix B. 
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(b) 

Figure 6.7: Quantitative performance assessment of test image Lena with UEP and EEP schemes 
over (a) an AWGN channel and (b) a Rayleigh fading channel. 
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Figure 6.7(a) shows the trends of average PSNR for test image Lena over an 

AWGN channel. The average PSNR of the ROI increases rapidly and reaches to 84% of 

maximum for an SNR value of 8.5 dB starting from 4 dB with proposed UEP scheme, 

whereas maintains almost 12-20% of maximum with the EEP scheme. Here the 

difference between average PSNR values of ROI and BG can be observed very clearly 

with UEP scheme, whereas the average PSNR of ROI follows the BG with EEP scheme. 

It conveys that both ROI and BG are protected equally with EEP against the transmission 

errors. 

At an SNR of 9 dB we can observe the average PSNR of ROI, BG and whole 

image reaches the peak and will be maintaining the same for higher values in case of 

UEP scheme, and a rapid increment  in case of EEP scheme that reaches peak at 10 dB. 

Figure 6.7(b) reveals that the average PSNR of the image is sufficiently large and 

the quality of the received image is significantly much higher for SNR values less than 

24 dB with UEP scheme, which are insufficient to decode the received image with EEP 

scheme over a Rayleigh fading channel (see Figure 6.4). 

For the SNR values in the range of 24 dB and 28 dB a difference of 70-78% exists 

between the average PSNR values of ROI under UEP and EEP scheme. Up to this point, 

the average PSNR of ROI is much higher than BG with UEP, whereas these both are 

equal with EEP. It means the ROI can be protected much efficiently than BG of the 

image with UEP scheme. The difference in average PSNR of total image is due to strong 

protection of the marker segments in UEP scheme. The average PSNR of ROI reaches its 

peak for an SNR of 32 dB and remains the same for higher values as well with the UEP 

scheme. In case of EEP, there is a rapid increment in average PSNR of ROI for SNR 

above 30 dB and converges to maximum value at 34 dB. 

 

6.3 Simulation Results of Test Image Elaine 

The test image Elaine is encoded to JPEG 2000 ROI coding format using Kakadu 

software. The encoded image is shown in Figure 6.8(a). The encoded image has an 

overall PSNR of 34.57 dB, PSNR of ROI of 45.82 dB and the background PSNR of 

33.81 dB. The encoded test image is sent over the computer simulated AWGN and 

Rayleigh fading channels to compare the proposed UEP and existing EEP schemes. The 
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qualitative and quantitative performance results over AWGN and Rayleigh fading 

channels are given in the following sections. 

 

6.3.1 Qualitative Performance Assessment 

The received images of Elaine with both UEP and EEP methods are shown in Figure 6.8 

to Figure 6.13 over AWGN and Rayleigh fading channels. Figure 6.7 shows the original 

transmitted image and the received image using UEP scheme at lower SNR value of 6 dB 

with which the EEP images cannot be decodable with a Kakadu JPEG 2000 decoder. 

 

 
(a) 

 
(b) 

Figure 6.8: Qualitative performance assessment of test image Elaine over an AWGN channel (a) 
Original transmitted image (b) Received image with UEP at SNR = 6 dB. 
 

The received images can be decodable starting at an SNR of 6 dB with UEP and 

6.5 dB with EEP scheme over an AWGN channel. Figure 6.9 shows the received Elaine 

images with UEP scheme in the left column and EEP scheme in the right column. 

Comparing these images, one can assess that the UEP scheme much better protects the 

images against the channel errors than EEP scheme for the same SNR value. For 

example, the UEP image at an SNR of 6.5 dB received with negligible blur and one can 

clearly visualize the image especially the ROI, but at the same SNR, value the EEP image 

cannot even be recognizable by an observer. The received images follow the same trend 

up to 7.5 dB. At 8 dB and above UEP image replicates the original transmitted image 

without any channel-introduced errors, whereas the EEP images quality is improved 

rapidly. The quality reaches maximum value at 10 dB. These trends can be visualized 

qualitatively in Figure 6.10. 
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(a) 

 
(c) 

 
(e) 

 
(g) 

 
(b) 

 
(d) 

 
(f) 

 
(h) 

Figure 6.9: Qualitative performance comparison between UEP and EEP schemes for test 
image Elaine over an AWGN channel with (a) and (b) SNR = 6.5 dB, (c) and (d) SNR = 7 dB, 
(e) and (f) SNR = 7.5 dB, and (g) and (h) SNR = 8 dB. 
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(a) 

 
(b) 

 
(c) 

Figure 6.10: Qualitative performance of test image Elaine over an AWGN channel with EEP 
scheme when (a) SNR = 8.5 dB, (b) SNR = 9 dB and (c) SNR = 9.5 dB. 
 

The same encoded image has been taken for assessing the performance of UEP 

and EEP over a Rayleigh fading channel. Figure 6.11 shows the received images using 

UEP scheme at lower SNR values of 15 dB and 20 dB with which the EEP images cannot 

be decodable with a Kakadu JPEG 2000 decoder. 

 

 
(a) 

 
(b) 

Figure 6.11: Qualitative performance assessment of test image Elaine over a Rayleigh fading 
channel with UEP when (a) SNR = 15 dB and (b) SNR = 20 dB. 
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(a) 

 
(c) 

 
(e) 

 
(g) 

 
(b) 

 
(d) 

 
(f) 

 
(h) 

Figure 6.12: Qualitative performance comparison between UEP and EEP schemes for test 
image Elaine over a Rayleigh fading channel with (a) and (b) SNR = 22 dB, (c) and 
(d) SNR = 24 dB, (e) and (f) SNR = 26 dB, and (g) and (h) SNR = 28 dB. 
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Figure 6.12 shows the reconstructed images with UEP in the left column and EEP 

in the right column. These images allow us to compare the UEP and EEP schemes over a 

Rayleigh fading channel for a set of SNR values. These images reveal that the visual 

quality of UEP images is much better compared to EEP for same SNR value. 

The received EEP images can be decodable at an SNR starting from 22 dB (see 

Figure 6.12(b)) but the quality is very poor and one cannot even recognize the image, 

whereas the UEP image received with a great visual quality in the ROI of image for the 

same 22 dB (see Figure 6.12(a)). An SNR value of 22 dB onwards the EEP image quality 

improves equally in both ROI and BG. In case of UEP, the ROI almost reached the 

maximum quality hence the BG quality being improved. At an SNR of 30 dB, the 

original image can be received with the UEP scheme without any channel-introduced 

errors. With EEP the image still have some blur. EEP scheme needs more signal power to 

receive the image without any blur. The received image visual quality improves rapidly 

from 28 dB onwards in case of EEP scheme as shown in Figure 6.13 and replicates the 

original transmitted image at an SNR of 36 dB. 

 

 
(a) 

 
(b) 

Figure 6.13: Qualitative performance of test image Elaine over a Rayleigh fading channel with 
EEP scheme when (a) SNR = 32 dB and (b) SNR = 34 dB. 
 

6.3.2 Quantitative Performance Assessment 

The quantitative performance is assessed using the average PSNR values of the 

image in ROI, BG and the whole image under both UEP and EEP schemes. Quantitative 

performance of test image Elaine is shown in Figure 6.14 with both UEP and EEP 

methods whose numerical values are given in Table B.3 and B.4 in Appendix B. This 

assessment exploits a set of SNR values for comparing the schemes. 
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(b) 

Figure 6.14: Quantitative performance assessment of test image Elaine using UEP and EEP 
schemes over (a) an AWGN channel and (b) a Rayleigh fading channel. 
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Figure 6.14(a) shows the trends followed by compressed test image Elaine over 

an AWGN channel. The average PSNR of the ROI increases rapidly and reaches to 98% 

of maximum for an SNR value of 8 dB starting from 6 dB with proposed UEP scheme, 

whereas maintains almost 28% of maximum with the EEP scheme with a difference of 

70% of peak PSNR. We observe a clear difference between average PSNR values of ROI 

and BG with UEP scheme, whereas the average PSNR of ROI follows the BG with EEP 

scheme that tells both ROI and BG are protected equally with EEP. After this point, the 

average PSNR of UEP image gets the maximum value. In case of EEP, it increases 

slowly up to 9 dB then with a rapid growth that touches maximum at 10 dB. 

Figure 6.14(b) reveals that the received images can be decodable starting at an 

SNR 15 dB and reaches 50% of the maximum PSNR. At 20 dB the average PSNR of 

ROI, BG, and the whole image is 83%, 75%, and 76% of the peak PSNR value 

respectively, with which the EEP image is unable to be decoded with Kakadu decoder. 

The EEP image can be reconstructed at an SNR starting from 22 dB with starting average 

PSNR of ROI, BG, and total image of 17%, 20%, and 20% respectively. At this point one 

can observe the ROI average PSNR reaches 87% of maximum value, which is 

sufficiently enough to view image without major distortion in the ROI. Considering the 

points between 22 dB and 30 db, we observe the UEP image reaches the maximum PSNR 

at 30 dB and remains the same for higher SNR values, and EEP image average PSNR 

increases almost linearly from 17 to 54% in ROI, 20 to 73% in BG and 20 to 71% for the 

total image. The EEP image PSNR being increased from 32 dB and will be maximum at 

36 dB over a Rayleigh fading channel. 

 

6.4 Simulation Results of Test Image Mandrill 

The test image Mandrill is encoded using JPEG2000 ROI encoding method that has the 

PSNR of the ROI of 44.76 dB, BG of 23.56 dB, and the total image of 24.44 dB after 

compression. The encoding process uses a lossless compression mode with three quality 

layers and specified ROI using maxshift method specified in the command line of 

Kakadu compression. The results are analyzed in two ways: qualitative and quantitative, 

in the following sections. The analysis compares proposed UEP and existing EEP 

schemes over AWGN and Rayleigh fading channels. The original compressed image to 

be transmitted is shown in Figure 6.15(a). 
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6.4.1 Qualitative Performance Assessment 

The received Mandrill images with both UEP and EEP methods are shown in Figure 6.15 

to Figure 6.19 over AWGN and Rayleigh fading channels. Figure 6.15(b) and (c) show 

the received images with UEP scheme at an SNR of 5 and 6 dB respectively over an 

AWGN channel. The images with EEP scheme cannot be decoded at the receiver end for 

these SNR values. 

 

 
(a) 

 
(b) 

 
(c) 

Figure 6.15: Qualitative performance assessment of test image Elaine over an AWGN channel 
(a) Original transmitted image, images with UEP scheme when (b) SNR = 5 dB and (c) 
SNR = 6 dB. 
 

We compare the reconstructed images of Mandrill over an AWGN channel using 

the Figure 6.16. This figure shows the images with UEP scheme in the left column and 

EEP scheme in the right column. 
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(a) 

 
(c) 

 
(e) 

 
(g) 

 
(b) 

 
(d) 

 
(f) 

 
(h) 

Figure 6.16: Qualitative performance comparison between UEP and EEP schemes for test 
image Mandrill over an AWGN channel with (a) and (b) SNR = 7 dB, (c) and (d) SNR = 8 dB, 
(e) and (f) SNR = 8.5 dB, (g) and (h) SNR = 9 dB. 
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(a) 

 
(b) 

Figure 6.17: Qualitative performance assessment of Mandrill test image over a Rayleigh fading 
channel with UEP when (a) SNR = 15 dB and (b) SNR = 20 dB. 

 

We assess the qualitative performance of UEP and EEP schemes over a Rayleigh 

fading channel using Figure 6.17 and 6.18. These show the decoded images of both UEP 

and EEP methods over a Rayleigh fading channel for a set of SNR values and reveal that 

the UEP images can be received with a better visual quality than the EEP images for 

same SNR value. 

EEP encoded images can be decodable at an SNR starting from 22 dB as shown 

in Figure 6.18(b). The visual quality is very poor and one cannot even recognize the 

image. For the same SNR the UEP encoded image is received with a good visual quality 

in the ROI (see Figure 6.18(a)). The EEP encoded image quality improves equally in both 

ROI and BG for higher SNR values, whereas with the UEP scheme the ROI quality 

improvises at a greater rate than BG. The UEP scheme can be able to reconstruct the 

image without any errors at an SNR of 32 dB that replicates the original transmitted 

image. In case of EEP scheme reconstructed image still have some blur hence it needs 

more signal power for full visual quality. 

The received image visual quality rapidly improves from 30 dB on wards with 

EEP scheme as shown in Figure 6.19 and reproduces the original transmitted image at an 

SNR of 36 dB. 
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(a) 

 
(c) 

 
(e) 

 
(g) 

 
(b) 

 
(d) 

 
(f) 

 
(h) 

Figure 6.18: Qualitative performance comparison between UEP and EEP schemes for test 
image Mandrill over a Rayleigh fading channel with (a) and (b) at SNR = 22 dB, (c) and (d) at 
SNR = 24 dB, (e) and (f) at SNR = 26 dB, and (g) and (h) at SNR = 28 dB. 
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(a) 

 
(b) 

Figure 6.19: Qualitative performance of test image Mandrill over a Rayleigh fading channel with 
EEP scheme when (a) SNR = 30 dB and (b) SNR = 34 dB. 

 

The test image Mandrill follows the same trends as image Lena and Elaine but 

needs higher signal strength. The reason is, the Mandrill image itself looks like noise in 

most of the regions. The quantitative assessment in the following section well describes 

the proposed and existing error protection schemes for the test image Mandrill. 

 

6.4.2. Quantitative Performance Assessment 

The quantitative performance assessment uses the average PSNR values of the image in 

ROI, BG and the whole image under both UEP and EEP schemes. Figure 6.20(a) and (b) 

compare the Mandrill test image quantitative performance with both UEP and EEP 

schemes over an AWGN and a Rayleigh fading channel respectively. This assessment 

exploits a set of SNR values. Table B.5 and B.6 in Appendix B give the numerical values 

of simulation results  

Figure 6.20(a) describes the quantitative performance of compressed Mandrill 

over an AWGN channel. The image with UEP scheme is reconstructed at 4 dB. This 

value is 6 dB for the image with EEP scheme. For 6 to 8 dB SNR values, a difference of 

10 dB exists between the ROI’s of received images. We see a difference of 7 to 12 dB 

between BG and the whole image with UEP and EEP schemes for the same range of SNR 

values. The average PSNR of UEP scheme image increases to the maximum at an SNR 

of 9.5 dB and EEP scheme requires 10 dB to converge to peak PSNR. 
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(b) 

Figure 6.20: Quantitative performance assessment of test image Mandrill using UEP and EEP 
schemes over (a) an AWGN channel and (b) a Rayleigh fading channel. 
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Figure 6.20(b) reveals that the received images can be decodable starting at an 

SNR 10 dB over a Rayleigh fading channel. The average PSNR of ROI, BG and whole 

image reaches to 40, 56, and 58% of the maximum PSNR respectively with UEP scheme 

at an SNR of 20 dB. At this point, the EEP encoded image can be reconstructed with an 

average PSNR of 5.23 dB, 5.52 dB, and 5.47 dB in ROI, BG and whole image. 

We observe a 22% difference in ROI and a difference of 29% each in BG and 

whole image for the SNR values between 22 dB and 26 dB. From 26 dB onwards, the 

average PSNR of UEP encoded image increase rapidly and reaches the maximum value 

at 32 dB. At this point, the EEP encoded image still has half of the maximum PSNR in 

the ROI, whereas the BG and whole image PSNR values are somewhat better. The EEP 

encoded image PSNR improves very fast from 30 dB and reaches peak at 36 dB over a 

Rayleigh fading channel. 

 

6.5 Results Interpretation 

The JPEG 2000 ROI coded images using maxshift method places the ROI bit stream in 

the beginning of the codestream. The ROI bit stream followed by BG information 

bit stream (see Section 5.2.1) in the codestream. We select the ROI bit stream in such a 

way at which decoding rate the ROI PSNR reaches considerably maximum and the BG 

PSNR starts increasing. All the marker segments lie in the ROI bit stream. As the EOC 

marker segment is placed in the end of codestream, it will be a part of BG bit stream. The 

UEP scheme protects the ROI codestream with a stronger code so that the markers as 

well. The BG codestream is protected using a weaker code. This leads to a lower BER or 

a higher perceptual quality in the received image even for lower SNR values. On the 

other hand, when we protect the complete codestream equally with a weaker code there is 

a higher probability of loosing the information though the SNR is sufficiently enough. If 

EEP scheme causes any loss in marker segments that degrades the entire image quality, 

though the rest of the codestream is received without any errors. This situation leads to a 

lower quality of the image, which is observed in case of existing EEP scheme. 
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We summarize the qualitative and quantitative performance results of EEP and 

UEP schemes over a Rayleigh fading and an AWGN channel as follows: 

s EEP scheme at lower SNR values: Not all the received images can be decodable 

and we are unable to recognize the reconstructed image as the noise level is too 

high results in very poor visual quality. 

s UEP scheme at lower SNR values: most of the received images can be 

decodable and results in good perceptual quality in ROI with a poor BG quality. 

s EEP scheme with SNR increment in steps: qualitative performance of both the 

ROI and BG improve equally. On the other hand, we observe no difference 

between the average PSNR of ROI and BG up to some SNR values for all test 

images. 

s UEP scheme with SNR increment in steps: the ROI visual quality improves 

rapidly, before the BG starts improving the quality. We prove this in quantitative 

measurement by observing a clear difference between the ROI and BG average 

PSNR. 

s EEP scheme requires much higher signal strength to reconstruct the image at the 

receiver without any blur. 

s UEP scheme requires lesser SNR values to receive the image without any 

channel-introduced errors. 
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 Chapter 7 

Conclusions and Future Work 

 

This thesis examined an UEP scheme for protecting JPEG 2000 ROI encoded images 

over a Rayleigh fading and an AWGN channel. The proposed scheme uses codestream 

structure that differentiates the critical information in ROI and BG data and uses a more 

powerful (63, 36) BCH code for protecting the ROI information and (7, 4) Hamming 

code for the BG information of an image. 

The comparisons conclude that the proposed UEP scheme performs better than 

the existing EEP scheme based on qualitative and quantitative assessment over both the 

AWGN and Rayleigh fading channels for the same SNR values. The perceptual quality of 

the received image is much better with the UEP scheme. 

Due to time and system constraints, we took at least three computer simulations 

for each image, channel, and SNR value.  We statistically average the simulation results 

to plot the quantitative results. The images need to be further encoded with more number 

of layers, higher bit rate, and make use of more parameters available in the Kakadu 

compress command. 

The future work can be extended in different ways as below: 

s Selecting multiple ROI’s in the image. 

s Using multiple classes of ECC to protect JP2 box, header, marker segments, and 

payload with different protection levels. 

s Transmission of video using ROI coding. 
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Appendix A 

Abbreviations 

 

ARQ   Automatic Repeat Request 

AWGN  Additive White Gaussian Noise 

BCH   Bose-Chadhuri-Hocquenghem 

BER   Bit Error Rate 

BG   Background 

bpp   bits per pixel 

BPSK   Binary Phase Shift Keying 

COD   Coding style Default marker 

COM   Comment and Extension market 

dB   Decibels 

DC   Direct Current 

DCT   Discrete Cosine Transform 

DWT   Discrete Wavelet Transform 

ECC   Error Control Coding 

EEP   Equal Error Protection 

EOC   End of Codestream marker 

FEC   Forward Error Correction 

ICT   Irreversible Color Transform 

IEC   International Electrotechnical Commission 

IFFT   Inverse Fast Fourier Transform 

ISO   International Organization for Standardization 

ITU-T International Telecommunications Sector – Telecommunications 

Sector 

JPEG   Joint Photographic Experts Group 

JPEG 2000  Joint Photographic Experts Group 2000 

LSB   Least Significant Bit 

MSB   Most Significant bit 

MSE   Mean Square Error 
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PSNR   Peak Signal to Noise Ratio 

QCD   Quantization Default marker 

RCT   Reversible Color Transform 

RGB   Red-Green-Blue 

RGN   Region of Interest marker 

ROI   Region of Interest 

SNR   Signal to Noise Ratio 

SOC   Start of Codestream marker 

SOD   Start of Data marker 

SOT   Start of Tile marker 

UEP   Unequal Error Protection 
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Appendix B 

Numerical Results 

 
Table B.1: Numerical results for Lena image over an AWGN channel. 

SNR 
(dB) 

 Average PSNR (dB)  
UEP EEP 

ROI BG   Total ROI BG   Total 
4 6.01 5.57 5.66 0 0 0 
5 8.15 6.51 7.03 0 0 0 
6 14.26 11.52 11.87 6.36 5.81 5.90 
7 38.03 23.67 24.34 7.82 6.68 6.87 

7.5 45.00 30.57 31.36 10.28 8.15 8.45 
8 52.46 32.01 32.82 11.83 9.69 9.18 

8.5 55.06 36.56 37.48 12.71 12.11 11.86 
9 65.56 38.09 38.90 17.89 18.96 17.99 

9.5 65.56 38.09 38.90 39.20 35.37 35.22 
10 65.56 38.09 38.90 65.56 38.09 38.90 

 

 

 

 

Table B.2: Numerical results for Lena image over a Rayleigh fading channel. 

SNR 
(dB) 

 Average PSNR (dB)  
UEP EEP 

ROI BG   Total ROI BG   Total 
10 6.01 5.59 5.66 0 0 0 
12 12.71 11.28 11.30 0 0 0 
15 42.95 28.07 28.85 0 0 0 
20 46.16 27.54 28.34 0 0 0 
22 47.47 31.53 32.33 0 0 0 
24 53.13 34.09 34.90 8.10 6.51 6.7 
26 56.97 35.31 36.12 10.92 9.37 9.59 
28 63.73 35.64 36.45 13.77 13.33 13.16 
30 64.39 37.92 38.73 23.25 21.03 21.17 
32 65.56 38.09 38.90 44.18 25.90 26.67 
34 65.56 38.09 38.90 65.56 38.09 38.90 
35 65.56 38.09 38.90 65.56 38.09 38.90 
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Table B.3: Numerical results for Elaine image over an AWGN channel. 

SNR 
(dB) 

 Average PSNR (dB)  
UEP EEP 

ROI BG   Total ROI BG   Total 
6 16.45 14.31 14.60 0 0 0 

6.5 31.79 21.39 22.05 7.94 6.17 6.43 
7 37.93 29.84 30.37 8.65 6.86 7.13 

7.5 41.96 30.03 30.79 9.50 8.23 8.41 
8 44.85 32.19 32.96 12.50 8.76 9.20 

8.5 45.38 32.47 33.24 15.14 14.80 14.38 
9 45.82 33.77 34.53 17.80 20.44 19.71 

9.5 45.82 33.78 34.54 34.22 30.06 29.94 
10 45.82 33.81 34.57 45.82 33.81 34.57 

 

 

 

 

Table B.4: Numerical results for Elaine image over a Rayleigh fading channel. 

SNR 
(dB) 

 Average PSNR (dB)  
UEP EEP 

ROI BG   Total ROI BG   Total 
15 25.29 17.19 17.82 0 0 0 
20 38.73 24.62 25.35 0 0 0 
22 39.87 24.99 25.77 7.71 6.17 6.52 
24 42.29 31.05 31.79 7.76 6.72 6.88 
26 43.74 32.22 32.97 11.78 10.93 11.0 
28 44.62 32.56 33.32 14.36 15.50 15.02 
30 45.61 33.40 34.16 26.10 24.86 25.04 
32 45.64 33.65 34.40 28.84 27.18 26.50 
34 45.69 33.65 34.41 29.18 28.78 28.39 
36 45.82 33.81 34.57 45.82 33.81 34.57 
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Table B.5: Numerical results for Mandrill image over an AWGN channel 

SNR 
(dB) 

 Average PSNR (dB)  
UEP EEP 

ROI BG   Total ROI BG   Total 
4 5.23 5.52 5.47 0 0 0 
5 10.85 8.45 8.72 0 0 0 
6 15.82 11.66 12.06 5.23 5.52 5.47 
7 16.15 13.87 14.19 8.56 6.74 7.03 

7.5 19.30 18.33 18.47 9.48 7.13 7.47 
8 20.32 19.11 19.22 11.44 9.23 9.56 

8.5 34.80 21.66 22.19 14.20 12.00 12.10 
9 37.04 22.36 22.88 22.32 21.72 21.39 

9.5 44.76 23.50 24.38 34.13 22.28 23.04 
10 44.76 23.56 24.44 44.76 23.56 24.44 

 

 

 

 

Table B.6: Numerical results for Mandrill image over a Rayleigh fading channel. 

SNR 
(dB) 

 Average PSNR (dB)  
UEP EEP 

ROI BG   Total ROI BG   Total 
10 5.23 5.52 5.47 0 0 0 
15 16.45 11.11 11.71 0 0 0 
20 18.45 13.05 13.49 5.23 5.52 5.47 
22 18.46 13.72 14.09 7.84 6.36 6.58 
24 20.24 14.12 14.64 9.51 8.49 8.63 
26 22.06 15.44 15.91 12.37 10.95 11.19 
28 28.74 21.23 21.67 13.37 13.12 12.86 
30 36.48 22.68 23.25 14.51 14.32 14.22 
32 44.76 23.56 24.44 24.58 20.24 20.07 
34 44.76 23.56 24.44 33.33 23.06 23.43 
36 44.76 23.56 24.44 44.76 23.56 24.44 

 

.
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Appendix C  

Miscellaneous Figures  

 

 
(c) 

 
(d) 

 
(e) 

Figure C.1: Original 512 × 512 pixels test images of (a) Lena, (b) Elaine and (c) Mandrill. 
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Figure C.2: JPEG 2000 image file structure. 
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Figure C.3: PSNR as a function of decoding rate for the test image Lena. 
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Figure C.4: PSNR as a function of decoding rate for test image Elaine. 
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Figure C.5: PSNR as a function of decoding rate for test image Mandrill.
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