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Abstract

In this thesis, the outage probabilities of correlated sources transmission systems are

analyzed. The primary goal of this work is to derive theoretical limit for correlated

sources transmission which utilize the source correlation, and to establish theoretical bases

for wireless cooperative communications system design utilizing the correlated sources

transmission concept. We focus on the problems that correlated sources are transmitted

via channels having different statistical properties, and analyze how significant influent

the differences of the statistical channel characteristics makes on the system outage.

First of all, in this thesis, the outage probability of a system having two correlated

sources transmitted to common destination through Rayleigh and Rician fading channels

is derived. The outage probability can be expressed by double integrals with respect to

the probability density functions (PDF) of the instantaneous signal-to-noise power ra-

tios (SNRs) of each channel, where the range of the integration is determined by the

Slepian-Wolf theorem. This work identify the effect of the Rician factor K on the outage

probability, where the K factor denotes the average power ratio of the line-of-sight (LOS)

component power-to-non-line-of-sight (NLOS) components. To verify the consistency be-

tween the theoretical and practical results, we apply the technique to a Slepian-Wolf cor-

related sources transmission system where bit-interleaved coded modulation with iterative

detection (BICM-ID) scheme is used. Performance comparison between the theoretical

outage and the frame-error-rate (FER) shows that FER curves exhibit the same tendency

as the theoretical results.

Moreover, we investigate the optimal power allocation for minimizing the outage proba-

bility with the condition that the total transmit power of the two sources is kept constant.

The analytical results show that, so far as two sources are not fully correlated, lower outage

probability can not always be achieved by increasing the transmit power ratio allocated

to the source which transmits the signal via the channel have LOS component.

We then investigate the outage probability of a system having two correlated sources

transmitted to common destination via Rayleigh and Nakagami-m fading channels, where

the Nakagami-m fading channel model is known to more accurately represent the dis-

tribution of fading variations of the channel having LOS component than Rician fading

channel model. The Nakagami-m distribution well represents the channel variations be-

cause it is derived from the measurement data gathered in real fields. The same analytical

techniques as the one that are used in the Rician fading case is applied to calculate the



outage probability. The most significant contribution of this work is the derivation of a

close-form expression for outage probability in several extreme cases. Furthermore, the

asymptotic decay of the outage curves are derived theoretically.

In the main body of this thesis, we analyze the outage probability of a Slepian-Wolf

correlated sources transmission system over Rayleigh and Rician fading channels, as well

as over Rayleigh and Nakagami-m fading channels, respectively. Rician fading model can

well be approximated by the Nakagami-m fading model by adjusting the factorK in Rician

fading model and the factor m in Nakagami-m fading model. Hence, it is quite meaningful

to identify the impact difference on outage performance. We investigate Kullback-Leibler

distance (KLD), which is a measure of the difference between two probability distributions,

between the Rician and Nakagami-m distributions. We then evaluated the impact of the

KLD on the outage performance.

Keywords: Outage Probability, Rayleigh fading, Rician fading, Nakagami-m fading,

Slepian-Wolf theorem, optimal power allocation, frame-error-rate (FER), bit-interleaved

coded modulation with iterative detection (BICM-ID), LLR updating function, Kullback-

Leibler distance (KLD)
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Chapter 1

Introduction

1.1 Background and Motivation

Cooperative communications, recognized as being one of the most important techniques

in designing power-and-spectrally-efficient wireless communication networks, have been

proposed and studied intensively in the last several years. In cooperative communica-

tions scenarios, nodes (i.e., base stations, mobile devices, stationary devices) form virtual

antenna array [1] to cooperate with each other for better overall network performance,

without requiring strict constraints in deployment or high hardware complexity, compared

with fixed multiple-input multiple-output (MIMO) techniques [2].

Our research team has been focusing on creating of new concepts and technologies for

next generation wireless communication systems, including this very hot topic. The most

outstanding achievement made by our team is that the network, in general, can be seen

as distributed coding system, as a whole, even though some of the nodes contain errors.

Some valuable results achieved based on the considerations, have proven that these tech-

niques can significantly improve performances of the wireless cooperative communication

networks compared to the conventional technologies.

A simple three node cooperative transmission system is shown in Fig. 1.1, where the

role of the destination (D) is to reconstruct the information transmitted from source

1 (S1), with the help of information transmitted from source 2 (S2). The destination

receives two sequences, one from the S1 and the other from the S2. S1 and S2 can be

seen as two sensors, for example, which are located near each other observing the same

target, hence the information of S1 and S2 are correlated with each other. One can easily

find that the relaying is straightforward application of the this transmission systems and

the correlation between S1 and S2 can be regarded as source-relay link (intra-link) error

1



in relaying system. With the technique shown in [3–6], the Slepian-Wolf theorem [7] is

applied to exploit the correlation knowledge between the information sequences sent from

two sources. Hence it exemplifies a Slepian-Wolf correlated sources transmission system.

S
1
 

D 

 

S
2
 

 

c
o

r
re

la
te

d
 

 c
o

r
re

la
te

d

Figure 1.1: Diagrammatic sketch of correlated sources transmission system.

The relationship between the Slepian-Wolf correlated sources transmission and the re-

laying has been exploited in various ways. Information theoretic outage probability bound

is derived in [3–5] and the optimal relay location is evaluated in [4]. A practical, simple

coding and its iterative decoding technique are proposed by [6]. It is then further extended

to the correlated sources transmission over multiple access channel (MAC) [8].

The results achieved by the previous research are all based on the assumption that

the variations of the links all follow the Rayleigh distribution which is composed of only

non-line-of-sight (NLOS) components. The impact of the line-of-sight (LOS) component

is not considered. However, in real transmission environment, either the Channel 1 con-

necting S1 to D or Channel 2 connecting S2 to D, or the both, are often suffer from fading

variation having different statistical properties. In relay systems, it is quite reasonable

to assume that the Channel 2 has LOS component, resulting in the channel being Rician

distributed. Moreover, we extend the problem to more generic and practical case, where

fading variation follows the Nakagami-m distribution which is an empirically derived dis-

tribution through measurement data gathered in real fields [9].

This thesis investigates the outage probability of two correlated binary sources trans-

mission, one via severe fading channel represented by Rayleigh fading, and the other via

the channel with relatively mild fading represented by Rician or Nakagami-m distribu-

tions. The complex fading envelop is assumed to be constant over one transmission block,

but vary block-by-block. This model is known as block fading model. We assume the

correlation parameter between two sources is a constant over one block duration. In this

thesis, we do not consider any practical transmission chain between two sources, and
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only focus on two correlated source transmission. A series of simulations are conducted

assuming a practical correlated sources transmission system to verify the performance

tendencies. The objective of this work is to evaluate the impact of the mild fading chan-

nel on the transmission outage probability of the correlated sources transmission system,

and to derive the theoretical limit of diversity and coding gains. Furthermore, this the-

sis investigates the optimal power allocation for minimizing the outage probability with

keeping the total transmit power constant.

Since the Rician fading model can well be approximated by the Nakagami-m fading

model, by adjusting the factor K in Rician fading model and the factor m in Nakagami-

m fading model. The impact of the different statistical characteristics of the Rician

and Nakagami-m fading variation on outage performance is evaluated, based on analysis

of Kullback-Leibler distance (KLD), which is used to measure the difference between

probability distributions.

1.2 Author’s Contribution

This research derives the outage probability bound of two correlated sources transmission

systems, and identifies the effect of LOS component in Rician fading channel on the

outage probability. It is found that even through the significant reduction of the outage

probability can be achieved with the help of the LOS component at a relatively low

signal-to-noise power ratio (SNR) region, the diversity order exhibited in the outage curve

asymptotically converges into one if the sequences of two sources are not fully correlated.

Interestingly, although the asymptotic behaviour of the outage probability found in this

work is the same as that shown in [3], the decay of the outage curve at the relatively

low SNR value region is different, and the decay depending on the ratio of LOS-to-NLOS

components. When two sources are fully correlated, the outage curves exhibit sharper

decay than that with the 2nd order diversity in the presence of the LOS component of the

Rician channel. To verify the accuracy of the theoretical results, we apply the Slepian-

Wolf correlated sources transmission technique presented in [6] to a bit-interleaved coded

modulation with iterative detection (BICM-ID) scheme [10, 11]. Performance comparison

between the theoretical outage and the frame-error-rate (FER) performance clearly shows

that FER curves exhibit the same tendency as the theoretical results. Furthermore,

optimal power allocation for minimizing the outage probability is investigated with the

condition that the total transmit power of two sources is kept constant. The optimal

power allocation largely depends on the ratio of the LOS-to-NLOS components when two

3



sources are fully correlated. Surprisingly, if two sources are not fully correlated, increasing

the ratio of transmit power, allocated to signal transmitted via the Rician channel, does

not always improve the outage performance.

Also, we investigate the outage probability of two correlated sources transmitted to com-

mon destination via the Rayleigh and Nakagami-m fading channels, where the Nakagami-

m distribution is know to be more accurately represent the channel behaviour in the

presence of LOS component than the Rician fading channel model, in terms of the 1st

order statistics, because it was derived from the measurement data gathered in real fields.

The most significant contribution of this part of the work is the derivation of the closed-

form expression for the outage probability in several extreme cases. Furthermore, the

asymptotic decay of the outage curves are analyzed theoretically.

It can be found from the previous work that, although Rician fading model can well

be approximated by the Nakagami-m fading model, by adjusting the factor K in Rician

fading model and the factor m in Nakagami-m fading model, the outage performances

of Slepian-Wolf correlated sources transmission systems over Rician and Nakagami-m

fading channels are not identical to each other. We analyze the reason for the different

tendency by calculating the KLD between of Rician and Nakagami-m distributions having

the corresponding K and m factors. The impact of the KLD on outage performance is

also investigated. The results clearly indicate the theoretical limit for designing and/or

evaluating the techniques for relaying system of which some of the coverage have LOS

propagation components.

1.3 Thesis Organization

This thesis is organized as follows:

In chapter 2, we provide the definitions of some terminological bases used in this

thesis, and introduce knowledge background of this thesis, including different type of

fading channel, fundamental concept of diversity, LOS and NLOS channels and Slepian-

Wolf Theorem.

Chapter 3 focuses on two correlated sources transmission over Rayleigh and Rician

fading channels. In this chapter, the definition and the derivation of the outage proba-

bility are presented, and their asymptotic tendency analysis as well. The accuracy of the

theoretical analyses are verified through the simulations for the Slepian-Wolf correlated

sources transmission system based on BICM-ID technique. The last part of this chapter

is devoted to the optimal power allocation problem for minimizing the outage probability

4



with the condition that the total transmit power of two sources is kept constant.

Chapter 4 investigates the problem of correlated sources transmission over Rayleigh

and Nakagami-m fading channels. The closed-form expression for outage probability in

several extreme cases are derived. Moreover, the asymptotic decay of the outage curves are

derived theoretically. The consistency between the theoretical analysis results and FER

performances are verified through computer simulations conducted assuming practical yet

simple relay system.

Chapter 5 calculates KLD between of Rician and Nakagami-m distribution and inves-

tigates the impact of the distributions difference on outage performance obtained from

chapter 2 and chapter 3.

Chapter 6 summarizes this thesis and outline the issues left as future research.

• It should be emphasized that some of the mathematical expressions/formulas are

found by this thesis for the first time in the communication research community.
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Chapter 2

Definitions and Knowledge

Background

In this chapter, we present the concept of the technique investigated in this thesis, and

introduce background knowledge that forms the technological bases of this thesis. First,

we introduce the concept of LOS and NLOS channels. We then describe the characteris-

tics of the fading channels investigated in this thesis, namely, the Rayleigh, Rician, and

Nakagami-m fading channels. The relationship between of diversity order and the decay

of and bit-error-rate (BER) curve is presented. Finally, we briefly introduce the Slepian-

Wolf theorem which defines theoretical bound of the rate for lossless distributed sources

coding.

2.1 LOS and NLOS

In wireless communications, assuming there are no obstacles in the free space between

the transmitter and the receiver, and the signal propagates along a straight line between

them. The model associated with this transmission is called LOS channel model, and the

corresponding received signal is called LOS signal or LOS component. On the contrary,

if there are obstacles between the transmitter and the receiver, and hence there are no

LOS components in the received signal, it is referred to as NLOS channel. In practice,

the deep space probe and aircraft-to-aircraft communications can be considered as LOS

channel transmission. In many of the terrestrial communications system, such as WiFi,

and mobile communication systems, the channels have LOS plus NLOS components.

6



Figure 2.1: LOS vs NLOS channel

2.2 Fading Channels

In wireless communications, if the transmitter or the receiver, or the both, moves/move,

the channel’s complex envelope vary, and hence the channel becomes time-varying ran-

dom processes. In this scenario, the channel suffers from fading.

Rayleigh Fading Channel

• Rayleigh fading channel is a communication channel composed of NLOS compo-

nents only, and the channel variation fallows Rayleigh distribution. Rayleigh fading

model is most widely used when there is no dominant propagation path between

the transmitter and the receiver; it is composed of NLOS components only. If there

are sufficient scatters in the environment, all the reflected signals that arrive at

the reviver form a received composite single, of which equivalent baseband complex

envelope follows two-dimensional Gaussian distribution. Its phase and amplitude

are statistically independent, and the in-phase (I) and quadrature (Q) components

(the real and imaginary parts of the equivalent baseband complex envelope, respec-

tively), X and Y, respectively, follows independent Gaussian distribution. Hence,

with the two zero mean Gaussian variables X and Y with equal variance σ2, the

amplitude Z of the complex envelope

Z =
√
X2 + Y 2 (2.1)

follows Rayleigh distribution [9].

Rician Fading Channel

• As stated in section 2.1, in many of the terrestrial communications system, the

channel is composed of LOS and NLOS components. A mathematical model of

the channel having LOS and NLOS components is Rician fading channel, where

7



the amplitude is characterized by a Rician distribution. The Rician fading model

widely used to the channels that exploit the performance gain due to the LOS

conditions. The composite NLOS component is modelled as zero-mean complex

Gaussian random variable. Consider two Gaussian random variables X
′
and Y

′
,

both having the same variance σ2. X
′
has non-zero mean which corresponds to

the amplitude of the LOS component, while Y
′
has zero mean. Then, the signal

amplitude Z
′
defined as

Z
′
=
√

X ′2 + Y ′2, (2.2)

follows Rician distribution. Rayleigh fading can be considered as a special case of

Rician fading where there is NLOS components, i.e, the mean of X
′
is zero.

Nakagami-m Fading Channel

• Although the Rician distributions are widely used to represent the statistical be-

haviors of the channels, however, they are still not accurate enough, when the 1st

order statistics of the channel variations is compared with the measurement data

gathered in real fields. The Nakagami-m distribution is derived empirically based

on the measurement data, and is known as being able to better represent the dis-

tribution of the channel behaviours compared to the Rician distribution [12]. Both

Rayleigh and Rician distributions are connected by a factor of the Nakagami-m

distribution.[13].

2.3 Diversity

Diversity is a well-know technique for improving the performances of wireless communica-

tions in fading channels. Independently varying paths in the propagation process achieves

diversity gains. The main advantage of the receive diversity is that it mitigates the signal

fluctuations due to fading. The diversity order indicates the decay of the slope of BER

or FER curves as a function of the average SNR.

As shown in Fig. 2.2, with the 1st order diversity (no diversity), increasing average

SNR by 10 dB, average BER can be reduced by one decade. When the diversity order

increases, the better BER performance can be achieved at the same average SNR point.
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2.4 Slepian-Wolf Theorem

In single source transmission, if the source information is compressed to a rate which is

not smaller than its entropy, the source information can be reconstructed with arbitrary

small error probability at the destination. This have been proved by Cloud Shannon in

his landmark paper [14]. According Sleipin and Wolf’s outstanding contribution in [7], for

two correlated sources, if the rate of each source allocated after compression is not smaller

than its conditional entropy and if the sum rate is not smaller than the two source’s joint

entropy, still the source information can be recovered losslessly. More explicitly, source

rate RS1 and RS2 must satisfy the three inequalities:

RS1 ≥ H(b1|b2), (2.3)

RS2 ≥ H(b2|b1), (2.4)

RS1 +RS2 ≥ H(b1,b2), (2.5)

where H(·|·) and H(·, ·) denote the conditional and the joint entropy, respectively. The

admissible rate region is specified as shown in Fig. 2.3. So far as the rate pair (RS1, RS2)

falls into the admissible rate region, the error probability can be made arbitrarily small

when recovering the transmitted information at the destination.
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Figure 2.3: The admissible rate region of Slepian-Wolf theorem.
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Chapter 3

Correlated Sources Transmission

over Rician fading Channels

In this chapter, outage probability of a Slepian-Wolf correlated sources transmission sys-

tem is analyzed. The achievable outage bound is derived theoretically. We consider two

correlated binary information sequences following bit-flipping model [15], where the in-

formation bits of the second source are a flipped version of the information bits of the

first source, with a certain flipping probability. The information sequence of one source is

transmitted over Rayleigh fading channel, while information sequence of the other source

is transmitted over Rician fading channel. We derive mathematical expression for the

outage probability, which can be evaluated by employing a numerical technique. The the-

oretical asymptotic tendency of the outage probability performance is analyzed. Finally,

simulations for the Slepian-Wolf correlated sources transmission system are conducted

to verify the consistency between the theoretical outage and FER curves, assuming a

practical yet simple relay system.

3.1 System Model

3.1.1 Bit-flipping Model

In this thesis, we use bit-flipping model to represent the correlation between the sources,

to be transmitted over the cooperative communications system. The correlation is mod-

elled by b2 = b1 ⊕ e, where b1 and b2 are two binary information sequences taking value

from {0, 1}, and e is a random variable which take value 1 with probability pf and value

0 with probability 1 − pf , i.e., Pr(e = 1) = pf [15]. Hence, the correlation between the
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r f 
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b2 

Figure 3.1: System model for Slepian-Wolf correlated sources transmission system: dif-
ferent fading channel scenarios.

two sources is given by ρ = 1 − 2pf , meaning that the information bits of the b2 are a

flipped version of the information bits of b1, with a probability pf .

3.1.2 Slepian-Wolf Correlated Sources Transmission System

The system model we use to analyze the correlated sources transmission is shown in

Fig. 3.1. b1 and b2 are the correlated information bit sequence to be sent from source

1 (S1) and source 2 (S2) to the common destination (D), via Channel 1 and Channel 2,

respectively. Channel 1 is suffering from block Rayleigh fading whereas Channel 2 from

block Rician fading. In block fading channel, channel gain is constant within a block,

but change block-by-block and link-by-link, following the distribution. The information

bit sequence b1 is transmitted from S1 through Channel 1 during the first time slot, then

the information bit sequence b2 is transmitted from the S2 through Channel 2 during the

second slot, hence the transmission is orthogonal.

3.2 Outage Probability Derivation

3.2.1 Outage Probability under Fading

Outage probability is a measure of the quality of the transmission over mobile wireless

communication channels. In fading channels, transmitted signal may suffer from deep

fades, resulting in a loss (outage) of the signal. Outage occurs when the received instan-
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Figure 3.2: Outage definition based on Slepian-Wolf correlated sources transmission sys-
tem.

taneous SNR γ is below a certain threshold lever γs. Therefore, the outage probability is

defined as

Pout = Pr(γ < γs) =

∫ γs

0

pγ(γ)dγ (3.1)

where pγ(γ) is probability density function (PDF) of the instantaneous SNR.

3.2.2 Outage Probability Definition for Slepian-Wolf Correlated

Sources Transmission System

The set of Slepian-Wolf rate pair (Rs1, Rs2) shown in Fig. 3.2 is divided into two regions,

the admissible and inadmissible regions. If rate pair (Rs1, Rs2) falls into the inadmissible

region, the transmission outage event occurs and the decoder at the destination can

not guarantee the reconstruction of the original information with arbitrarily small error

probability. Furthermore, the inadmissible region can be divided into three areas 1, 2,

and 4 as shown in Fig. 3.2. In this thesis, we consider the case where b2 transmitted from

S2 is the copy of b1 transmitted from of S1 with some flipped bits, and only b1 needs

to be recovered. We focus on analyzing the impact of b2 transmitted through Channel

2 on the outage probability. Therefore, an arbitrary value of Rs2 is acceptable so long

as Rs1 is larger than H(b1). Hence, the area 4 in Fig. 3.2 can also be included in the

admissible rate region. Hence, the outage probability of the system model we consider

14



can be expressed as

Poutage = P1 + P2, (3.2)

where P1 and P2 denote the probabilities that the rate pair Rs1, Rs2 fall into the inadmis-

sible area 1 and area 2, respectively. Hence, outage analysis turns to be the probability

calculation of Rs1 and Rs2 falling into the unbounded rectangular area 1 and the trape-

zoidal area 2 shown in Fig. 3.2. Thus, the conditions on Rs1 and Rs2 that can not

guarantee arbitrary low bit error rate transmission are given by

P1 = Pr [0 < Rs1 < H(b1|b2), Rs2 > 0] (3.3)

P2 =Pr [H(b1|b2) < Rs1 < H(b1), Rs1 +Rs2 < H(b1,b2)] , (3.4)

where Rc1 and Rc2 represent the spectrum efficiencies of the transmission chain, including

the channel coding scheme and modulation multiplicity within Channel 1 and Channel 2,

respectively.

According to Shannon’s separation theorem [14], if the total information transmission

rate satisfies

Rs ·Rc ≤ C, (3.5)

the error probability can be reduced to arbitrarily low at the destination, where Rs and Rc

denote the rates after source and channel coding, including the modulation multiplicity,

respectively. C is the channel capacity. When Gaussian codebook is used, C can be given

by

C = log2 (1 + γ) , (3.6)

Assume the channel code used is capacity-achieving,

Rs ·Rc = C. (3.7)

According to (3.6) and (3.7), the relationship between the threshold instantaneous SNR

γs and its corresponding source coding rate Rs is given by

Rs =
1

Rc

log2(1 + γs). (3.8)

Since, we assumed that the Source-Channel separation holds [16], Rc can be independent

of Rs.

15



By utilizing the relationship 3.8 to 3.3 and 3.4, outage probability can be rewritten as

P1 = Pr
[
0 < γ1 < 2Rc1H(b1,b2) − 1, γ2 > 0

]
, (3.9)

P2 = Pr

[
2Rc2H(b1|b2) − 1 < γ1 < 2Rc1H(b1) − 1, 0 < γ2 < 2

[
Rc2H(b1,b2)−Rc2

Rc1
log2(1+γ1)

]
− 1

]
.

(3.10)

which can be used for outage probability calculation based on the PDF with instantaneous

SNRs of Channel 1 and Channel 2.

3.2.3 Outage Calculation for Slepian-Wolf Correlated Sources

Transmission System

With the assumption that Channel 1 suffers from block Rayleigh fading, the PDF with

instantaneous SNR γ1 of Channel 1 is given by

p(γ1) =
1

γ1

exp(−γ1
γ1

), (3.11)

where γ1 represents the average SNR of Channel 1. Channel 2 is assumed to suffer from

block Rician fading, of which variation is independent of Channel 1. The PDF with

instantaneous SNR γ2 of Channel 2 is given by

p (γ2) =

(
(1 +K) e−K

γ2

)
exp

(
−(1 +K)γ2

γ2

)
· I0

(
2

√
K (1 +K) γ2

γ2

)
, (3.12)

where I0(·) is the zero-th order modified Bessel function of the first kind and γ2 is the

average SNR of Channel 2. The Rician factor K in (3.12) is the power ratio of the

LOS component-to-the power of the NLOS multipath components [9]. K represents the

severity of fading. With K = ∞, the channel is equivalent to a static additive white

Gaussian noise (AWGN) channel, and with K = 0 the channel reduces to Rayleigh fading

channel.

Based on (3.9), (3.10), (3.11) and (3.12), the outage probability P1 in can then be

16



mathematically expressed as

P1 =

∫ 2Rc1H(b1|b2)−1

γ1=0

p(γ1)dγ1

∫ ∞

γ2=0

p(γ2)dγ2

=

∫ 2Rc1H(b1|b2)−1

γ1=0

1

γ1

exp(−γ1
γ1

)dγ1

= 1− exp

(
−2Rc1H(b1|b2) − 1

γ1

)
, (3.13)

according to the assumption that Channel 1 and Channel 2 are statistically independent.

By introducing the cumulative density function (CDF) of Rician fading channel, P2 can

be calculated as

P2 =

∫ 2Rc1H(b1)−1

γ1=2Rc1H(b1|b2)−1

p(γ1)

∫ 2
[Rc2H(b1,b2)−

Rc2
Rc1

log2(1+γ1)]−1

γ2=0

p(γ2)dγ2dγ1

=

∫ 2Rc1H(b1)−1

γ1=2Rc1H(b1|b2)−1

p(γ1)

[
1−Q1

(√
2K,

√
2 (1 +K)

γ2
γ2

)]2[Rc2H(b1,b2)−
Rc2
Rc1

log2(1+γ1)]−1

γ2=0

dγ1

=

∫ 2Rc1H(b1)−1

γ1=2Rc1H(b1|b2)−1

1

γ1

exp

(
−γ1
γ1

)1−Q1

√
2K,

√√√√(1 +K) 2

[
Rc2H(b1,b2)−Rc2

Rc1
log2(1+γ1)

]
γ2


 dγ1,

(3.14)

where Q1(·, ·) is the Marcum Q-Function. The derivation of an explicit expression of P2

given by (3.14) may be intractably complicated. Hence, the recursive adaptive Simpson

quadrature algorithm [17] is used to approximate the integral of (3.14), with accurate

calculation error control.

3.3 Asymptotic Tendency Analysis

Since the binary symmetric source model is assumed in this work,

H(b1) = H(b2) = 1, (3.15)

H(b1|b2) = H(b2|b1) = H(pf ), (3.16)

H(b1,b2) = 1 +H(pf ), (3.17)

where H(pf ) = −pf log2(pf )− (1− pf ) log2(1− pf ).
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3.3.1 Tendency 1: Independent Sources Case

When b1 and b2 are independent (pf = 0.5), H(b1|b2) = H(b1). In this case, the range of

the integral with respect to γ1 in (3.14) is from 0 to 0. Hence, the probability P2 equals to 0.

Consequently, the outage probability is entirely dominated by P1, i.e., Pout=P1. Moreover,

since b1 and b2 are completely uncorrelated, H(b1|b2) = H(b2|b1) = 1. Therefore, P1

are just the same as the outage probability of single Rayleigh channel’s case, as

Pout,Rayleigh = 1− exp

(
−2Rc1 − 1

γ1

)
, (3.18)

which corresponds to the 1st order diversity.

3.3.2 Tendency 2: Large Average SNR Case

When average SNR γ1 → ∞ and γ2 → ∞, the outage probability P2 → 0 because the

Marcum Q-Funcion in (3.14) approaches 1 as the second term of Marcum Q-Funcion

becomes small. Therefore, only P1 dominates the outage probability in this case. Fur-

thermore P1 can be rewritten by the Taylor expansion, as

P1 =
∞∑
n=0

(−1)(n)

n+ 1!

(
2Rc1H(b1|b2) − 1

γ1

)n+1

. (3.19)

However, the (3.19) has domination of first term when γ1 is large. Thus, (3.19) can be

approximated, as

P1 ≈
2Rc1H(b1|b2) − 1

γ1

, (3.20)

which follows the tendency of the 1st order diversity. Interestingly, this observation

indicates that outage performance is determined by the NLOS components when the

average SNRs γ1 and γ2 become large.

3.3.3 Tendency 3: Fully Correlated Sources Case

When b1 and b2 are fully correlated (pf = 0), the conditional entropy H(b1|b2) = 0.

Therefore, the probability P1 is equals to 0, according to (3.13). Hence, the outage

probability is completely dominated by P2, i.e., Pout=P2. The results of the numerical

integral for (3.14) is shown in Fig. 3.3. It is found that the outage curves decay is sharper

than the 2nd order diversity when the K factor becomes large.
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However, for the case K = 0, with which Rician fading reduces to Rayleigh, according

to the the property of Marcum Q-function

Q1(0, b) = exp

(
−b2

2

)
. (3.21)

By assuming that the fading variation of the two channels are statistically independent

and the spectrum efficiency of the transmission chain representing the coding rate and

the multiplicity of the modulation for both channels are equal to one, i.e., Rc1=Rc2=1,

P2 is reduced to

P2 =

∫ 1

γ1=0

p(γ1)

∫ 2[1−log2(1+γ1)]−1

γ2=0

p(γ2)dγ2dγ1

=

∫ 1

0

p(γ1)

[
1−Q1

(
0,

√
2γ2
γ2

)]2[1−log2(1+γ1)]−1

γ2=0

dγ1

=
1

γ1

∫ 1

0

[
exp(−γ1

γ1

)− exp

(
−γ1
γ1

+
1

γ2

− 2

γ2 (1 + γ1)

)]
dγ1. (3.22)

According to the Taylor expansion, we have

exp(−x) =
∞∑
n=0

(−x)n

n!
≈ 1− x, as x → 0. (3.23)

Then, (3.22) can be approximated as

P2 ≈
1

γ1

∫ 1

0

[(
1− γ1

γ1

)
−
(
1− γ1

γ1

− 1− γ1
γ2 (1 + γ1)

)]
dγ1

=
1

γ1

[
2 ln (1 + γ1)− γ1

γ2

]1
0

=
2 ln 2− 1

γ1γ2

. (3.24)

It is obvious that P2 (=Pout) is inversely proportion to the product of γ1 and γ2, and hence

2nd order diversity gain can be achieved when pf = 0. This conclusion is consistent to

the result of [5], where both source-destination (SD) and relay-destination (RD) channels

are suffering from Rayleigh fading.
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3.4 Numerical Results and Discussion

3.4.1 Equal Average SNR with Channel 1 and Channel 2

In Fig. 3.3, the theoretical outage probability versus average SNR are drawn with a

parameter pf varying from 0 to 0.5, assuming that average SNRs of Channel 1 and Channel

2 are identical, i.e., γ1=γ2, and K=10. It should be noticed that with the Rician factor

K = 10, fading variation of Channel 2 is not as severe as that of Channel 1. The outage

probability curves of maximum-ratio-combining (MRC) with pf=0 and K=0 (Rayleigh),

and that of no diversity are shown as reference curves. We can see that there is no diversity

gain when pf = 0.5, and the outage curve is exactly the same as that in Rayleigh fading

without diversity. This is also consistent to the asymptotic tendency analysis result

provided in the sub-section 3.3.1. It should be noticed that, the lower the pf value, the

smaller the outage probability. The outage probability can achieve sharper decay than

with the 2nd order diversity if b1 and b2 are entirely correlated (pf = 0). In this case, only

P2 dominates the outage probability. The results are consistent to the findings provided

in sub-section 3.3.3.

Fig. 3.4 demonstrates the outage probability curves versus average SNR with the Ri-

cian factor K as a parameter, where the bit-flipping probability is fixed at pf = 0.001,

indicating that b1 and b2 are highly correlated, but b2 still contains some flipped bits. It

is found that the outage curves exhibit the following tendencies; when the average SNR

is small, the outage probability reduces quickly, however, the decay of the outage curves

always asymptotically converges into the 1st order diversity when the γ1 and γ2 increases.

This observation is also exactly consistent to the asymptotic tendency analysis conclusion

provided in sub-section 3.3.2. Although the asymptotic behaviour is the same as that

shown in [3] which assumes the both channels suffer from Rayleigh fading, the conver-

gence to the asymptotic performance is not exactly the same, and it is depending on the

energy of the LOS component of Channel 2. So far as pf ̸= 0, the outage probability

curves always show the tendency described above.

3.4.2 Impact of Different Average SNR

In this sub-section, the outage probabilities are shown with the Rician factor K as a

parameter. The difference from the previous sub-section is that the average SNRs of

the two channels are not assumed to be identical. In Fig. 3.5, the outage probability

curves are depicted, where γ2 − γ1 = 10 dB, and pf = 0.001. P1 is independent of the
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K factor, according to (3.13), whereas P2 is affected by K. The decay of outage curves

asymptotically converge in to the 1st order diversity as the average SNR increases. It is

also found from Fig. 3.4 and Fig. 3.5 that, when the average SNR is lower than the value

at which the outage starts to converge to such asymptotic tendency, P2 is dominated by

the K factor. Hence, the turning point depends on difference between γ1 and γ2.

3.4.3 Consistency Verification between the Theoretical and Sim-

ulation Results for a Practical System

A. BICM-ID based Slepian-Wolf Correlated Sources Transmission System

In this sub-section, we introduce a BICM-ID based Slepian-Wolf correlated sources trans-

mission System, and evaluate its FER performance. The purpose of the simulation is to

verify the consistency between the FER performance and the theoretical outage results.

The block diagrams of the system is shown in Fig. 3.6. The original information bits

b1 of S1 are channel-encoded by C1 which is a rate-1/2 general polynomial (3,2) convo-

lutional code. The channel coded bits output from C1 are interleaved by interleaver π1

and further fed into a doped accumulator (DACC1). DACC1 has the same structure as

memory-1 half rate systematic recursive convolutional code (SRCC) with a doping ratio

d [18]. The purpose of the use of DACC is to keep the convergence tunnel in the extrin-

sic information transfer (EXIT) curve of the corresponding decoder DACC−1 reaches a

point very close to the (1,1) mutual information point [8]. Finally, the bit stream output

from the DACC1 is mapped onto symbol sequence s1 according to the specified mapping

rule. Quaternary-phase-shift-keying (QPSK) is assumed in the simulation. s1 are trans-

mitted to destination via Rayleigh fading channel during the first time slot. It should

be noticed that because of use of rate-1/2 channel coding and QPSK modulation, the

spectrum efficiency Rc1 representing channel coding rate and modulation multiplicity of

the transmission chain is equal to one.

As denoted before, b2 is a copy of information bits b1 with a bit-flipping probability

pf . b2 is channel-coded by C2 and interleaved by the interleaver π2. The interleaved bits

are fed into DACC2, in the same way as that for b1, and then modulated with a specified

mapping rule to generate the symbol sequence s2. Finally, the symbol sequence s2 are

transmitted to the common destination via Rician fading channel during second time slot.

At the destination, the demapper calculates the extrinsic log-likelihood ratio (LLR) of

information bits Le(b1) composing s1, and Le(b2) composing s2, respectively, based on the

BICM-ID principle [19]. With the help of a priori LLR information La(bw) fed back from
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Figure 3.6: The schematic diagram of the Slepian-Wolf correlated sources transmission
system.

the decoder corresponding to the w-th position of the labelling patterns, the demapper

calculates the extrinsic LLR Le(bv) of bit bv in (3.25) [20] from the received signal y by

Le(bv) = ln
P (bv = 1|y))
P (bv = 0|y))

= ln

∑
s∈S1

{
exp

(
−|y−√

Ghs|2
2σ2

)∏M
w ̸=v exp[bwLa(bw)]

}
∑

s∈S0

{
exp

(
−|y−√

Ghs|2
2σ2

)∏M
w ̸=v exp[bwLa(bw)]

} (3.25)

where S1 and S0 indicate the sets of symbol sequence having v-th bit being 1 or 0. M is the

number of bits per symbol (since we are assuming QPSK, M=2). The output extrinsic

LLRs of demapper are processed by the de-accumulator DACC−1
i of DACCi and de-

interleaved by the corresponding de-interleaver π−1
i , then refined by decoders D−1

i of the

channel coder Di using the BCJR algorithm [21], where i = 1, 2. The soft-decision output

of D−1
i is further fed back to DACC−1

i and demapper M−1
i as a priori LLR [22]. This

processes is independently performed for s1 and s2, and hence is referred to as Horizontal

Iteration (HI).

Furthermore, during each HI loop, channel decoders C−1
1 and C−1

2 also exchange LLR

with each other. The LLR updating function fc [23] is used in this process to utilize the

knowledge of source correlation (bit-flipping probability pf between two sources) as,

fc(x) = ln
(1− pf ) · exp(x) + pf
(1− pf ) + exp(x) · pf

(3.26)
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where x is the extrinsic LLR of the information bits, output from C−1
1 and C−1

2 , respec-

tively. This processes is referred to Vertical Iteration (VI). After sufficient VI iterations,

we activate again the HI loop, and this process is repeated until no more significant gain

of mutual information improvement can be achieved.

B. Simulation Results

In this sub-section, we demonstrate the comparison results between the theoretical outage

and FER curves obtained through simulation. The setting of simulation parameters are

given in Table. 3.1.

Fig. 3.7 shows the FER performance of the BICM-ID based Slepian-Wolf correlated

sources transmission system we presented in the previous sub-section, where the theoreti-

cal outage curves are also plotted for comparison. It is found that the FER and theoretical

outage curves exhibit the same decay; No diversity gain can be achieved when the two

sources are independent (pf = 0.5). If two information sequences are fully correlated

(pf = 0), the FER curve also can achieve sharper decay than 2nd order diversity. The re-

sults verify the asymptotic tendency analysis provided in the sub-sections 3.3.1 and 3.3.3.

However, there is a 2∼3 dB gap in average SNR between them. It is attributed to that the

BICM-ID technique used in this system does not achieve close-capacity performance. By

applying close-capacity achieving techniques, e.g.,[24, 25], the gap can further be reduced.

Fig. 3.8 show FER performance with the of Rician factor K as a parameter, for the bit-

flipping probability pf = 0.001. It is found that, since two sources are highly correlated,

at the relatively low average SNR region, the FER curves can achieves near the 2nd order

diversity when K = 0, and sharper decay than that with 2nd order diversity when K > 0.

However, the decay of the outage curves always asymptotically converge into the 1st order

diversity when average SNR increases. This observation is consistent to the tendency of

the outage performance in Fig. 3.4, as well as asymptotic tendency analysis provided in

sub-section 3.3.2.

3.5 Optimal Power Allocations

Since the resources allocated to wireless devices are limited, especially in terms of transmit

power, optimal power allocation is of significant importance like designing communication

systems. In this section, we investigate the optimal power allocation based on the Slepian-

Wolf correlated sources transmission system. The object of this work is to minimizing the
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Item Setting
pf Pr(u = 0) = Pr(u = 1) = 1/2

C1,C2

Rate 1/2, [3, 2]8,
memory-1 non-recursive

systematic convolutional code

ACC1,ACC2

Rate 1/2, [3, 2]8,
memory-1 recursive

systematic convolutional code
Doping Rate d 2
Frame Length N 105 bits

Frame 4000

Modulation
4PSK

non-Gray mapping
Decoding Algorithm BCJR

Horizontal
Iteration Times

20

Vertical
Iteration Times

5

Interleaver
Length

105 bits

Table 3.1: The settings of simulation parameters.
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outage probability by adjusting the power allocated to the sources, where the condition

that the total transmit power is kept constant.

3.5.1 Problem Definition

In this section, the total transmit power of the system is assumed to be fixed, and the

noises variance σn
2 of the both channel is normalized to the unity, as

E1 + E2 = ET

E1/ET = α

E2/ET = 1− α

σn
2 = 1,

(3.27)

where the E1 and E2 are the average transmit powers over the two channels, respectively,

and ET represents the transmit power totalling over Channel 1 and Channel 2. α indicates

the ratio of the transmit power allocated to S1 which is transmitted via Channel 1 (1-α the

ratio to Channel 2). The goal of this section is to find the optimal α that minimizes the

outage probability with the transmit SNR ET/σn
2 and the Rician factor K as parameters.

Based on the assumption described in 3.27, the outage probability expressions corre-

sponding to 3.13 and 3.14, are given by

P1 = 1− exp

(
−2Rc1H(b1|b2) − 1

αET

)
(3.28)

and

P2 =

∫ 2Rc1H(b1)−1

γ1=2Rc1H(b1|b2)−1

1

αET

· exp
(
− γ1
αET

)1−Q1

√
2K,

√√√√
2 (1 +K)

2

[
Rc2H(b1,b2)−Rc2

Rc1
log2(1+γ1)

]
− 1

(1− α)ET


 dγ1.

(3.29)

Using these expressions, we identify the α value that minimize the outage in the next

sub-section.
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3.5.2 Optimal Power Allocation Analysis

Fig. 3.9 illustrates the outage probability versus α with different Rician factor K values

as a parameter for pf = 0 and ET/σn
2 = 10 dB. The x-axis represents the ratio α of

transmit power allocated to S1. The 100% point indicates that the transmit power totally

allocated to S1, and 50% point represents the transmit power allocated to both sources

equally. It is found from Fig. 3.9 that if b1 and b2 are fully correlated, the lowest outage

probability can be achieved when transmit power is equally allocated to the both sources,

when K = 0. Obviously, the larger the K value is, the smaller outage probability can be

achieved. It can also be found that, the optimal power ratio α that achieves the minimum

outage probability becomes small as the K factor becomes larger. This is reasonable

because when the fading variation with Channel 2 is reduced, we should allocate more

power to S2 which is transmitted via stable Rician Channel 2 than S1 via Channel 1

suffering from Rayleigh fading.

Fig. 3.10 shows the power allocation ratio α versus the outage probability with the K

factor as a parameter for pf = 0.01 and ET/σn
2 = 10 dB. Similarly, the larger theK value,

the smaller the outage probability. However, in this case the optimal α value, which can

achieves the smallest outage probability, changes toward to the opposite direction; when

the K value increases, the optimal α value also increases. This indicates that although

the larger the ratio of LOS component in Channel 2, the smaller the outage probability.

However, the optimal allocation ratio differs, depending on the K factor value. This

is because when b1 and b2 are not fully correlated, b2 is transmitted successfully over

Channel 2 having strong LOS component, and hence and the errors, occuring in b2 can not

be eliminated as the LOS component increase. This leads to a conclusion that allocating

more power to S2 which is transmitted via Channel 2 having strong LOS component can

not help improve the outage performance. On the contrary, it is more effective to allocate

more power to S1 than to S2 in such scenario.

3.6 Summary

In this chapter, we have derived the information theoretic bound for the outage probability

of a Slepian-Wolf correlated sources transmission system. This system have two correlated

binary sources transmitted over block fading channels, one suffering from block Rayleigh

fading, and the other from block Rician fading. The source correlation is assumed to be

represented by a bit-flipping model. Also, We have analyzed the asymptotic properties of
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the outage performances. It has been found that when the two sources are fully correlated

(pf = 0), the outage curve can achieve sharper decay than the 2nd order diversity, as the

LOS component power of the Rician fading channel increases. In the case 0 < pf < 0.5, the

outage probability curves asymptotically plateau to the 1st order diversity. The turning

point at which the outage starts to converge to such asymptotic tendency, depends on

difference between the average SNR values γ1 and γ2.

This chapter also verified the consistency between the theoretical outage and FER

curves. For verification purpose, we have conducted FER simulation assuming a BICM-

ID based Slepian-Wolf correlated sources transmission system with LLR updating function

fc to utilize the correlation between the two sources. The comparison results show that

the FER and the theoretical outage curves exhibit the same tendency.

Furthermore, the optimal power allocation is analytical identified under the condition

that the total transmit power is fixed. The analytical results show that lower outage

probability can not always be achieved by increasing the power ratio that allocated to

source which is transmitted via Rician fading channels, so far as pf ̸= 0.
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Chapter 4

Correlated Sources Transmission

over Nakagami-m Fading Channels

In this chapter, we extend the works shown in chapter 3 to more generic and practical

case, which is the problem of two correlated sources transmitted to common destination

over block Rayleigh and Nakagami-m fading channels.

First of all, the system model assumed in this chapter is introduced. The outage

probability of this system is then derived based on the same technique used in the previous

chapter. Furthermore, in several extreme cases, the closed-form expressions of the outage

probability are derived theoretically. The asymptotic decay of the outage curves is derived

based on the closed-form expression. Finally, the accuracy of theoretical results is also

verified through computer simulations.

4.1 System and Channel Model

The system model used in this chapter is the same as that shown in Fig. 3.1 in the

previous chapter. However, the distribution of the channel variation assumed in this

chapter is based on the Nakagami-m channel model, which well suits the real channel

behavior than Rician fading channel model. This is because the Nakagami-m distribution

is derived from the measurement data gathered in real fields. In this chapter, Channel 1

connecting Source 1 (S1) to Destination (D) suffers from Rayleigh fading, and Channel 2

connecting Source 2 (S2) to D from Nakagami-m fading, as shown in Fig. 4.1. The PDF
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of the instantaneous SNR γ suffering from the Nakagami-m fading is given by

p (γ) =
mm (γ)m−1

(γ)m Γ (m)
exp

(
−mγ

γ

)
,m > 0.5, (4.1)

where Γ(·) is the complete Gamma function and γ represents the average SNR. The factor

m represents the severity of fading variation. With m, the distribution is connected to

the Rician distribution, by

m =
(K + 1)2

2K + 1
, (4.2)

with which (4.1) is approximately equivalent to the Rician distribution. With m = ∞,

the channel is equivalent to a static AWGN channel, and with m = 1 the channel reduces

to Rayleigh fading channel. In this chapter, we use (4.1) to represent the statistical

characteristics of instantaneous SNRs in both Channel 1 and Channel 2. However, since

the object of this work is to investigate the effect of information transmitted via Channel

2 which suffers from mild fading, throughout this chapter we assume m = 1 with Channel

1 indicating that Channel 1 is equivalent to Rayleigh fading. We also assume that the

fading variation of Channel 2 statistically is independent of Channel 1. In this chapter,

we study the impact of the factor m with Channel 2 and the bit-flippin probability pf

on the outage performance.

4.2 Outage Probability Derivation

In this section, the outage probability is derived theoretically. We employ the same

technique as that used in chapter 3 to define and to calculate the outage probability.

According to the assumption that Channel 1 suffers from Rayleigh fading (m=1 with

Nakagami-m distribution), P1 denoting the probability that rate pair of Rs1 and Rs2 falls

into the inadmissible area 1 in Fig. 3.2 can be expressed as,

P1 =

∫ 2Rc1H(b1|b2)−1

γ1=0

p(γ1)dγ1

∫ ∞

γ2=0

p(γ2)dγ2

=
γ
(
m,m2Rc1H(b1|b2)−1

γ1

)
Γ (m)

m=1
= 1− exp

(
−2Rc1H(b1|b2) − 1

γ1

)
. (4.3)
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P2 denoting the probability that rate pair Rs1,Rs2 falls into the inadmissible area 2 in

Fig. 3.2 can be calculated as

P2 =

∫ 2Rc1H(b1)−1

γ1=2Rc1H(b1|b2)−1

p(γ1)

∫ 2
[Rc2H(b1,b2)−

Rc2
Rc1

log2(1+γ1)]−1

γ2=0

p(γ2)dγ2dγ1

=

∫ 2Rc1H(b1)−1

γ1=2Rc1H(b1|b2)−1

1

γ1

exp

(
−γ1
γ1

) γ

(
m,m2

[Rc2H(b1,b2)−
Rc2
Rc1

log2(1+γ1)]−1
γ1

)
Γ (m)

dγ1, (4.4)

where γ(·, ·) is the lower incomplete Gamma function [26]. It is found that only P2 depends

on the m value of Channel 2. According to [27, eq.(8.352.6)] P2 can be expressed as

P2 =

∫ 2Rc1H(b1)−1

γ1=2Rc1H(b1|b2)−1

1

γ1

exp

(
−γ1
γ1

)
(m− 1)!

Γ (m)

·

1− exp

−m
2

[
Rc2H(b1,b2)−Rc2

Rc1
log2(1+γ1)

]
− 1

γ1

m−1∑
k=0

(
m2

[Rc2H(b1,b2)−
Rc2
Rc1

log2(1+γ1)]−1
γ1

)k

k!

 dγ1.

(4.5)

Furthermore, according to the Taylor expansion, we have

exp(−x) =
∞∑
n=0

(−x)n

n!
≈ 1− x, as x → 0. (4.6)

Then, (4.5) can be approximated as

P2 ≈
∫ 2Rc1H(b1)−1

γ1=2Rc1H(b1|b2)−1

1

γ1

(
1− γ1

γ1

)
(m− 1)!

Γ (m)

·

1−
1−m

2

[
Rc2H(b1,b2)−Rc2

Rc1
log2(1+γ1)

]
− 1

γ1

m−1∑
k=0

(
m2

[Rc2H(b1,b2)−
Rc2
Rc1

log2(1+γ1)]−1
γ1

)k

k!

 dγ1,

(4.7)

which can easily be evaluated by some numerical method.
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4.3 Closed-form Derivation

4.3.1 m = 1 with Channel 2

When m = 1 with Channel 2, the Nakagami-m distribution reduces to Rayleigh dis-

tribution. By assuming that the fading variation of the two channels are statistically

independent and the spectrum efficiency of the transmission chain representing the cod-

ing rate and the multiplicity of the modulation for both channels are equal to one, i.e.,

Rc1=Rc2=1, (4.7) can be reduced to

P2 =
1

γ1

∫ 2Rc1H(b1)−1

γ1=2Rc1H(b1|b2)−1

[(
1− γ1

γ1

)
−
(
1− γ1

γ1

+
1

γ2

− 2H(b1,b2)

γ2 (1 + γ1)

)]
dγ1

=
2H(b1,b2) ln

(
2H(b1)

2H(b1|b2)

)
− 2H(b1) + 2H(b1|b2)

γ1γ2

. (4.8)

4.3.2 m = 2 with Channel 2

When m = 2 with Channel 2, it has mild fading compared to Channel 1. In this case,

(4.7) can be explicitly express as

P2 =

∫ 2Rc1H(b1)−1

γ1=2Rc1H(b1|b2)−1


2γ1

(
2H(b1,b2)

1+γ1
− 1
)

γ2
1γ2

+

4
(

2H(b1,b2)

1+γ1
− 1
)2

γ1γ
2
2


 dγ1

=
2H(b1,b2)+1(2H(b1) − 2H(b1|b2) − ln 2H(b1)

2H(b1|b2)
)− (2H(b1) − 1)2 − (2H(b1|b2) − 1)2

γ2
1γ2

+
−22H(b1,b2)+2−H(b1) + 22H(b1,b2)+2−H(b1|b2) − 2H(b1,b2)+3 ln 2H(b1)

2H(b1|b2)
+ 4(2H(b1) + 2H(b1,b2))

γ1γ
2
2

.

(4.9)

(4.8) and (4.9) are used for asymptotic analysis in section 4.5.

4.4 Asymptotic Analysis

4.4.1 Asymptotic Tendency 1: Independent Sources Case

When b1 and b2 are independent (pf = 0.5), H(b1|b2) = H(b1). Hence, the probability

P2 is equal to 0, according to (4.4). Consequently, the outage probability is entirely
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dominated by P1, i.e., Pout=P1. Moreover, since b1 and b2 are independent, H(b1|b2) = 1.

Therefore, P1 are the same as the outage probability in single Rayleigh fading channel, as

Pout,Rayleigh = 1− exp

(
−2Rc1 − 1

γ1

)
≈ 2Rc1 − 1

γ1

, (4.10)

which corresponds to the 1st order diversity. It should be noticed that this conclusion is

consistent to the analytical result of Rician channel’s case, provided in sub-section 3.3.1.

4.4.2 Asymptotic Tendency 2: Large Average SNRs’ Case

When average SNRs γ1 → ∞ and γ2 → ∞, the outage probability P2 → 0 because

the incomplete Gamma Funcion in (4.4) approaches 0, as the second parameter of γ(·, ·)
becomes small. Therefore, only P1 dominates the outage probability in this case. Fur-

thermore P1 can also be expressed by the Taylor expansion, as

P1 =
∞∑
n=0

(−1)(n)

n+ 1!

(
2Rc1H(b1|b2) − 1

γ1

)n+1

. (4.11)

However, (4.11) is dominated by the first term when γ1 is large. Thus, (4.11) can be

approximated as:

P1 ≈
2Rc1H(b1|b2) − 1

γ1

, (4.12)

which follows the 1st order diversity. Also, this tendency is consistent to the result of

Rician channel’s case, provided in sub-section 3.3.2.

4.5 Asymptotic Tendency in Fully Correlated Sources

Case

When b1 and b2 are fully correlated (pf = 0),H(b1|b2) = 0 andH(b1,b2) = 1. Therefore,

the probability P1 is equals to 0, according to (4.3). Hence, the outage probability is

completely dominated by P2, i.e., Pout=P2.
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4.5.1 m = 1 with Channel 2

When b1 and b2 are fully correlated (pf = 0), (4.8) is reduced to

P2 =
2 ln 2− 1

γ1γ2

. (4.13)

We can see Pout (=P2) is inversely proportional to the product of γ1 and γ2, which follow

the 2nd order diversity. This is because there are two independent branches connected

to the common destination, when information bits transmitted via the two branches are

entirely correlated, resulting in fully cooperative diversity [26] order achieved.

4.5.2 m = 2 with Channel 2

When m = 2 with Channel 2, (4.9) is reduced to

P2 =

(
3− 4 ln 2

γ2
1γ2

)
+

(
12− 16 ln 2

γ1γ
2
2

)
. (4.14)

It is obvious that Pout (=P2) is inversely proportional to the 3rd-order power of the

average SNRs γ1 and γ2, hence the decay of the outage curve is sharper than the 2nd

order diversity. It should be noticed that, in the system model we discuss in this chapter,

the destination can receive information only from two independent branches. Therefore

the full cooperative diversity order that can be achieved is, in theory, 2. However, since

the outage probability of Nakagami-m fading channels has the relationship with the factor

m [28] as,

Pout,Nakagami−m ∝ (γ)−m , (4.15)

the decay is shaper than 2nd order diversity, in FER as well as the outage performance is

also a function the value of m. The contribution of 3rd-order power of average SNRs that

appears in the denominator in (4.14) comes from relatively mild fading with Channel 2.

4.6 Numerical Results and Discussion

In this section, the numerical results of the theoretical outage probability are presented.

Here, the lengths of Channel 1 and Channel 2 are assumed to be the same, and we

ignore shadowing. Therefore, average SNRs γ1 = γ2. Fig. 4.2 shows the theoretical
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outage probability versus average SNR with pf as a parameter, for m=1 with Channel 2,

indicating that the severity of fading variation in Channel 2 is the same as in Channel

1. It is found that, the 2nd order diversity can be achieve only if pf = 0 over the entire

range of the average SNR. The outage performances shown in Fig. 4.2 are consistent to

the theoretical analysis result provided in sub-section 4.5.1.

In Fig. 4.3, the theoretical outage probability versus average SNRs γ1 = γ2 are presented

with pf as a parameter, for m = 2 with Channel 2, indicating that fading variation of

Channel 2 is not as severe as that of Channel 1. We can see that no diversity gain can

be achieved when pf = 0.5. It should be noticed that, the lower the pf value, the smaller

the outage probability. The outage probability can achieve sharper decay than that with

the 2nd order diversity if b1 and b2 are fully correlated (pf = 0). However, if pf ̸=0, the

decay of the outage curve asymptotically converges into that of the 1st order diversity.

The results are consistent to the theoretical analysis result provided in sub-section 4.4.1

and 4.5.2. One can easily observe from Fig. 4.2 and Fig. 4.3 that the theoretical curves

obtained by a numerical integration technique are consistent to the asymptotic analysis

results. As expected, the milder fading variation of Channel 2, the lower the outage

probability. Compared with the case of m = 1, relatively lower outage probability can be

achieved with m = 2 at the same average SNR value.

Fig. 4.4 demonstrates the outage probability curves with the factor m as a parameter,

where the bit-flipping probability is fixed at pf = 0.01, indicating that b1 and b2 are

highly correlated, but b2 still contains some flipped bits. It is found, again interestingly,

that when the average SNRs γ1 and γ2 are small, the outage probability reduces quickly,

however, the decay of the outage curves always asymptotically converges into the 1st

order diversity when the γ1 and γ2 increase, regardless of the severity of fading variation

of Channel 2. This observation is also exactly consistent to the asymptotic tendency

analysis result provided in sub-section 4.4.2. Although this asymptotic behaviour is the

same as that shown in [3] and Fig. 3.4 in chapter 3, the convergence behaviour to the

asymptotic performance is different and it, depends on different PDFs of Channel 2.

4.7 Consistency Verification between the Theoretical

and Simulation Results for a Practical System

In this section, we present the results of the simulations conducted to evaluate the ac-

curacy of theoretical analysis. The simulations were conducted based on the BICM-ID
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Figure 4.2: Outage probability with different pf for m = 1.
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based Slepian-Wolf correlated sources transmission system with same structure as Fig. 3.6

presented in the previous chapter. Unlike Fig. 3.6, the information bit sequence b1 and b2

are transmitted via Channels suffering from Nakagami-m fading, during the first and the

second time slots, respectively. However, with m = 1, the Channel 1 reduces to Rayleigh

distribution.
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Figure 4.5: The schematic diagram of the Slepian-Wolf correlated sources transmission
system.

The simulation results are present in Fig. 4.6, where the theoretical outage curves are

also depicted for comparison. It can be observed from the figure that the FER performance

curves show the same tendency as the outage analysis results. If the two sources are fully

correlated, with m=1 for the both channels; the decay of the outage and FER curves

exhibit the 2nd order diversity; the FER performance exhibits the same decay as outage

curve, however, of which the decay is larger than the 2nd order diversity, when m = 2

with Channel 2.

4.8 Summary

In this chapter, we have derived the outage probability of a Slepian-Wolf correlated

sources transmission system with two correlated binary sources over block Rayleigh and

Nakagami-m fading channels. The source correlation is assumed to be represented by a

bit-flipping model. A method for deriving the mathematical expressions of the outage

probability is provided. The most significant contribution of this work is the derivation

of closed-form expressions of the outage probabilities with several extreme cases. Based

on the closed-form expression, asymptotic decay of the outage curves has been identified
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theoretically. It has been shown that when the two sources are fully correlated (pf = 0),

1) the decay of the outage curves is equal to the 2nd order diversity, when the both links

are equivalent to Rayleigh channels (m=1 for Channel 1 and Channel 2); 2) when the

fading variation of Channel 2 becomes mild (m=2), the outage curve exhibits sharper

decay than that with the 2nd order diversity. It has also been shown that if pf ̸= 0, even

with mild fading of Channel 2, the outage probability asymptotically plateaus to the 1st

order diversity as the average SNRs of the both links become large. This indicates that

asymptotically the contribution of the information bit sequence transmitted via Channel

2 diminishes as the average SNRs of the both links become large, so far as pf ̸= 0.
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Chapter 5

Performance Dependency of the

Channel Variation Statistics: Rician

vs Nakagami-m Fading Channels

We evaluated the outage performance of correlated sources transmission over Rayleigh

and Rician, as well as over Rayleigh and Nakagami-m fading channels in chapter 3 and

chapter 4, respectively. In this chapter, the impact of the distribution difference on the

outage performance is analyzed theoretically.

The KullbackLeibler distance (KLD) between the Rician and Nakagami-m distributions

is calculated as a function the factor K in Rician fading model and the factor m in

Nakagami-m fading model, where as shown in (5.2). We then identify the different impact

of Rician and Nakagami-m fading on outage performances of Slepian-Wolf correlated

sources transmission system based on the KLD analysis results.

5.1 KLD between Rician and Nakagami-m Distribu-

tions

The Kullback-Leibler distance is a measure of the difference between two probability

distributions. The definition of KLD for two continuous PDFs p(x) and q(x) is given as,

DKL(p(x)||q(x)) =
∫
X

p(x) ln
p(x)

q(x)
dx, (5.1)
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where X is the definition range of the random variable x. KLD is not a true distance

between distributions since it is not symmetric. The KLD of p(x) relative to q(x) is

generally not the same as the KLD of q(x) relative to p(x). The calculation results of

KLD of the Rician relative to Nakagami-m distributions and the Nakagami-m relative

to Rician distributions are summarized in Table.5.1, where p(x) and q(x) represent the

Rician and Nakagami-m distributions, respectively. The function that determines the

relationship between the factor K in Rician fading model and the factor m in Nakagami-

m fading model is given as,

m =
(K + 1)2

2K + 1
. (5.2)

More in-depth observations, especially in terms of the relationship of the KLD to the

outage performance is provided in the next section.

5.2 Outage Probability Comparison

Fig. 5.1 shows the KLD curves of the Rician relative to Nakagami-m distributions, as

well as KLD of the Nakagami-m relative to Rician distributions, both as a function

of the Rician factor K (correspondingly with m factor obtained from (5.2)). One can

easily find from Fig. 5.1 that the KLD of Rician relative to Nakagami-m distributions

KLD(p(x)||q(x)) and the KLD of Nakagami-m relative to the Rician distributionsKLD(q(x)||p(x))
are not identical to each other, since the asymmetricity of KLD. However, bothKLD(p(x)||q(x))
and KLD(q(x)||p(x)) exhibit a similar tendency, the KLDs between Rician and Nakagami-

m distribution increases when the fading variation is relatively severe, when K 63, and

after that the KLDs gradually become smaller as K increases.

In Figs. 5.2 and 5.3, we compare the outage performances between the case Channel

2 is suffering from Rician and in another case Channel 2 from Nakagami-m, with the

equivalent K and m given by (5.2). The analysis follows the results of chapter 3 and

chapter 4. Fig. 5.2 is for pf=0 and Fig. 5.3 is for pf=0.001. We can see from Figs. 5.2

and 5.3 that when both Rician and Nakagami-m fading reduce to Rayleigh fading (K = 0,

m = 1, respectively), the outage performance is consistent with each other. When the

values of K and m increase (K = 3, m ≈ 2.29, respectively), the outage performance with

Rician fading is well matched to the outage with Nakagami-m fading in the low average

SNR region, but it can be clearly seen that there is a difference in the decay of the curves

indicating the diversity order as the average SNR increases. However again the difference
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K m DKL(p(x)||q(x)) DKL(q(x)||p(x))
0 0 0 0
1 1.33 0.0077 0.0063
2 1.8 0.0173 0.0115
3 2.29 0.0191 0.0113
4 2.77 0.0172 0.0098
5 3.27 0.0144 0.0083
6 3.77 0.0119 0.0071
8 4.76 0.0083 0.0055
10 5.76 0.0061 0.0044
12 6.76 0.0048 0.0037
14 7.76 0.0040 0.0031
16 8.76 0.0034 0.0027
18 9.76 0.0029 0.0024
20 10. 76 0.0026 0.0022

Table 5.1: The KLD between Rician and Nakagami-m distribution of different K(m)
values.
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becomes small when the K and m value becomes larger (K = 20,m ≈ 10.76, respectively).

The m parameter in the urban area is in the range from 0.5 and 3.5 [29], as indicated by

the shadow in Fig. 5.1. The relatively large KLD value between Rician and Nakagami-m

distributions falls in this range. Hence the difference of achievable outage between Rician

and Nakagami-m fading channels is correspondingly large. This result clearly indicate the

theoretical limit for designing and/or evaluating the techniques for relaying system over

Rayleigh and Rician fading channels, as well as over Rayleigh and Nakagami-m fading

channels, respectively.
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Chapter 6

Conclusions and Future Work

6.1 Conclusions

In this thesis, we have investigated the two binary correlated sources transmission, where

we analyzed the outage probability and identified the optimal power allocations of a

Slepian-Wolf correlated sources transmission system. The novelty of this work is that we

have assumed two correlated sources are transmitted over block fading channels where

they have different statistical characteristics of the channel variations, one having LOS

and NLOS components while the other only NLOS components. In this work, we de-

rived the outage probability bound theoretically for the Slepian-Wolf correlated sources

transmission system, and analyzed the asymptotic tendency of outage performance. To

verify the consistency between the theoretical result and the reference result of exem-

plifying practical systems, a series of simulations have been conducted. This practical

system assumed for the consistency verification is a BICM-ID system, where to improve

the decoding performance, the LLR updating function exploiting the source correlation

knowledge is utilized. Furthermore, we have addressed the KLD between Rician and

Nakagami-m distributions and investigated the relationship between KLD and outage

performance.

In chapter 2, we introduced the basic concept and background knowledge of this

thesis, such as classfication of fading channels and their properties, receive diversity, and

Slepian-Wolf theorem.

In chapter 3, two binary correlated sources transmitted through different fading chan-

nels are considered. In this work, one source information sequence is transmitted via

Rayleigh fading channel composed of only NLOS components, while the other transmit-

ted over Rician fading channel having both NLOS and LOS components. We first defined
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the outage event and theoretically derived the outage probability expressions which can

be evaluated by numerical techniques. The new result found by this work is that the

outage curve exhibits sharper decay than that with 2nd order diversity if two sources are

fully correlated. Another new outcome is that in the case the sources are not fully cor-

related, the outage curves exhibit very sharp decay at relatively low average SNR region,

and then they asymptotically converge in to that with 1st order diversity as the average

SNR increases. A series of simulations based on practical coding and decoding algorithm

with BICM-ID were conducted to verify the consistency between simulation results and

theoretical analysis results.

In chapter 4, we extend the system we used for outage probability analysis in chapter

3 to cover more generic and realistic scenarios where the two binary correlated sources

are transmitted via Rayleigh and Nakagami-m fading channels, respectively. Following

the same definition and techniques as presented in chapter 3, we derived mathematical

expression of the outage probability, and further obtained the closed-form expressions of

the outage probability in several extreme cases. Based on the closed-form expressions, the

asymptotic decay of the outage curves are derived theoretically. The results are consistent

to that obtained in chapter 3. We found that if the two sources are fully correlated, the

outage curves follow the 2nd order diversity when the factor m of the Nakagami-m fading

is equal to one (namely Nakagami-m fading reduces to Rayleigh fading). This results

is consistent to the results shown in [5] investigating two sources transmission over the

Rayleigh fading channels. However, this thesis has theoretically revealed that the decay

of the outage curve is sharper than the 2nd order diversity when the m factor value of

Nakagami-m fading increases (namely fading variation become milder).

In chapter 5, we investigated the KLD between Rician and Nakagami-m distributions

and evaluated impact of KLD on outage performances of the Slepian-Wolf correlated

sources transmission system. It is well know that the Nakagami-m fading can approximate

the Rician fading, however, in this work we found theoretically that when the variation of

Rician and Nakagami-m fading become milder, the outage performance with Rician fading

is well matched to the outage with Nakagami-m fading in the low average SNR region, but

there is a difference in the decay of the curves in terms of the diversity order as the average

SNR increases. However, again the difference of outage performance becomes small when

the channel variation due to Rician and/or Nakagami-m fading further reduces.
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6.2 Future Work

There are several issues that are planed to be challenged in the future, which are listed

in the following:

1. In the problem of two correlated sources transmission, the code optimization was

not considered in this thesis. More in-depth convergence property analysis by using

Extrinsic Information Transfer (EXIT) chart [30, 31] for the BICM decoding process

is need to optimize the coding chain. The EXIT-constrained Switching Algorithm

(EBSA) [32] may identify the optimal mapping and coding parameters, which should

be included in the future work.

2. In this thesis, we have derived closed-form outage probability expressions for Nakagami-

m fading channels in the cases that factor m = 1 and m = 2. Closed-form expres-

sion derivation with arbitrary m value of Nakagami-m PDF should be provided in a

closed-form outage expression relative to the Rician PDF, by utilizing the relation-

ship between factor K and factor m, as,

m =
(K + 1)2

2K + 1
. (6.1)

3. In this thesis, only two correlated source transmission is considered. However,

Slepian-Wolf theorem can be extend to arbitrary number of distributed source sce-

nario [33, 34], as, ∑
j∈S

Rj > H(X(S)) for all S ⊆ [1 : k]. (6.2)

We plan to work on multiple distributed sources scenarios, starting from three

sources case, as shown in Fig. 6.2. In the case there are three correlated sources.
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Figure 6.1: Triple correlated sources transmission.

The admissible rates region R3 in this case can be expressed as,

R1 > H(X1|X2, X3),

R2 > H(X2|X1, X3),

R3 > H(X3|X1, X2),

R1 +R2 > H(X1, X2|X3),

R1 +R3 > H(X1, X3|X2),

R2 +R3 > H(X2, X3|X1),

R1 +R2 +R3 > H(X1, X2, X3). (6.3)

Based on the definition of admissible rate region of the set R3 in (6.3), the outage

probability can be calculate as,

Poutage = 1−
∫

· · ·
∫
R3

p(γ1)p(γ2)p(γ3)dγ1dγ2dγ3 (6.4)

4. In this thesis, the correlation parameter between the two sources is considered as

a constant parameter in the theoretical analyses. As denoted before, the relaying

is a straightforward application of correlated sources transmission. However, the

source-relay link (intra-link) in relay system can not always be stable in practice,

because the intra-link also suffers from fading. This indicates that the flipping

probability pf is time-varying. In this case, we can utilize the intra-link correlation

by introducing the rate distortion function with the Hamming distortion measure,

for the performance limit analysis. Then, we can calculate the outag probability in
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this case, as,

Poutage = 1−
∫ ∫ ∫

R2,D

p(γ1)p(γ2)p(γ3)dγ1dγ2dγ3, R(D) <
1

Rc3

log(1 + γ3), (6.5)

where R2, and D denote the admissible rate region specified by the Slepian-Wolf

theorem and the rate distortion region specified by the lossy source-channel sepa-

ration theorem, respectively. R(D) is the binary rate distortion function, and Rc3

is the spectrum efficiency of the transmission chain, including the channel coding

scheme and modulation multiplicity within intra-link.

5. Resource allocation optimization including the following problems needs to be solved:

• Give a proof for the existence global/local optima;

• Minimize the outage probability while keeping the transmit power constant;

• Minimize the transmit power while keeping the outage probability constant;

• Diversity-Multiplexing-Trade-off (DMT) in the distributed coding system: iden-

tify the trade-off between diversity order and multiplexing order.

6. In this thesis, only the distributed lossless coding is considered. By allowing specified

distortion level (lossy coding), we can further reduce the rates compared with the

Slepian-Wolf region, as shown in Fig. 6.3. Consequently, the power and spectrum

efficiencies can be further improved and robustness/flexibility can be enhanced.
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This work is considered as paradigm shift from lossless to lossy based on distributed

coding technique.

H(b1|b2)  H(b1)  H(b1, b2)  RS1 

H(b2|b1)  

H(b2)  

H(b1,b2)  

RS2 

lossless Admissible 

Region   

Figure 6.3: Lossy and Lossless region comparison.

This is a big challenge, because only for a specific case, Quadratic Gaussian Chief

Executive Officer (CEO) problem [34], the bound of rate region, given distortion

pair, is known. Even if the bound in generic cases can be derived, the outage

calculation based on this bound is still expected to be difficult as well. Quality-of-

service (QoS) also need to be considered when allocating the rate, power, and other

resources in lossy multiple sources transmission.
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Achievements

Conference Paper

• S. Qian, M. Cheng, K. Anwar, and T. Matsumoto, Outage probability analysis for

correlated sources transmission over rician fading channels, presented in Personal

Indoor and Mobile Radio Communications (PIMRC), 2013 IEEE 24rd International

Symposium on 2013, in London. (peer-reviewed)

Oral Presentation

• S. Qian, M. Cheng, K. Anwar, and T. Matsumoto, Outage probability analysis for

correlated sources transmission over Rician fading channels, presented in Steering

Committee (STC) meeting of a JSPS-funded project, evaluated as excellent, in

Osaka, March 2013.

Journal Papers

• S. Qian, M. Cheng, K. Anwar, and T. Matsumoto, Achievable outage probability

for Slepian-Wolf relaying system over fading channels having different statistical

properties, to be submitted to Electronics Letters.
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Abbreviations and Notations

ACC doped accumulator

ACC−1 doped accumulator decoder

AF amplify-and-forward

AWGN additive white Gaussian noise

BCJR MAP algorithm proposed by Bahl, Cocke, Jelinek, Raviv

BER bit error rate

BICM-ID bit-interleaved coded modulation with iterative detection

BPSK binary phase-shift keying

CIS channel state information

DACC doped accumulator

DACC−1 doped accumulator decoder

DF decode-and-forward

EXIT extrinsic information transfer

FER frame error rate

HI horizontal iteration

KLD Kullback Leibler distance

LLR log-likelihood ratio

LOS line-of-sight

NLOS non-line-of-sight

M modulator

M−1 demodulator

MAC multiple access channel

MI mutual information

MIMO multiple-input-multiple-output

PDF probability density function

CDF cumulative density function

QPSK quadrature phase-shift keying

SD relay-destination

SR source-relay

RD relay-destination

VI vertical iteration
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⊕ modulus 2 addition

(̂·) estimation of the argument

(·)−1 inverse of the argument

exp(·) exponential calculation of the argument

E[·] expectation of a random variable

ln(·) natural logarithm to base e

log2(·) natural logarithm to base 2

log(·) natural logarithm to any bases

max(·) maximum value

min(·) minimum value

sign(·) the sign of the argument

H(·) entropy

H(·|·) conditional entropy

H(·, ·) joint entropy

bi information bit sequences at ith source

si modulated symbols from ith source

ek the error sequence used at k-th sensor

Ci i-th channel encoder

D destination

ρ correlation coefficient

Di decoder for encoder Ci

fc LLR updating function

I(·, ·) mutual information between argument 1 and 2

I0(·) zero-th order modified Bessl’s function of the first kind

Ia a priori information

Ie extrinsic information

K Rician factor

La a priori LLR sequence

Le extrinsic LLR sequence

Lp a posteriori LLR sequence

m shaper factor

pf bit flipping probability

Pr(·) probability of the variable
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Q1(·, ·) Marcum Q-Function

Γ(·) complete Gamma function

γ(·, ·) lower incomplete Gamma function

R relay

R(D) rate distortion function

Rs the source coding rate

Rc spectrum efficiency considering both the channel coding rate and

modulation multiplicity

S source

Π interleaver

Π−1 de-interleaver

γ average SNR

γ instantaneous SNR

σ2 Gaussian noise variance
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