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Abstract

Next generation wireless communication systems are expected to provide a variety

of services including voice, data and video. The rapidly growing demand for these ser-

vices needs high data rate wireless communication systems with reliability and high user

capacity. Recently, it has been shown that reliability and achievable data rate of wire-

less communication systems increases dramatically by employing multiple transmit and

receive antennas. Transmit diversity is a powerful technique for combating multipath

fading in wireless communications. However, employing multiple antennas in a mobile

terminal to achieve the transmit diversity in the uplink is not feasible due to the limited

size of the mobile unit.

In order to overcome this problem, a new mode of transmit diversity called coop-

erative diversity (CD) based on user cooperation, was proposed very recently. By user

cooperation, it is meant that the sender transmits to the destination and copies to other

users, called partners, for relaying to the destination. The antennas of the sender and

the partners together form a multiple antenna situation. CD systems are immuned not

only against small scale channel fading but also against large scale channel fading. On

the other hand, CD systems are more sensitive to interuser (between sender and partner)

transmission errors and user mobility.

In this dissertation, we propose a bandwidth and power efficient CD system which

could be accommodated with minimal modifications in the currently available direct or

point-to-point communication systems. The proposed CD system is based on quadra-

ture signaling (QS). With quadrature signaling, both sender’s and partners’ information

symbols are transmitted simultaneously in his/her multiple access channels. It also re-

duces the synchronization as well as the interference problems that occur in the schemes

reported in the literature.

The performance of the proposed QS-CD system is analyzed at different layers. First,

we study the bit error probability (BEP) of the QS-CD system for both fixed and adaptive
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relaying at the partner. It is shown from the BEP performance that the QS-CD system can

achieve diversity order of two. Then, a cross-layer communication system is developed

by combing the proposed QS-CD system at the physical layer and the truncated stop-

and-wait automatic repeat request (ARQ) at the data link layer. The performance of

the cross-layer system is analyzed and compared with existing schemes in the literature

for performance metrics at the data link layer and upper layers, i.e., frame error rate,

packet loss rate, average packet delay, throughput, etc. In addition, the studies show

that the proposed QS-CD-ARQ system outperforms existing schemes when it has a good

partner. In this respect, the proposed system is fully utilizing the communication channel

and less complex in terms of implementation when compared with the existing systems.

Since the partner selection gives significant impact on the performance of the CD

systems, partner selection algorithms (PSAs) are extensively analyzed for both static and

mobile user network. In this case, each individual user would like to take advantage

of cooperation by choosing a suitable partner. The objective of an individual user may

conflict with the objective of the network. In this regard, we would like to introduce a

PSA which tries to balance both users and network objectives by taking user mobility into

consideration. The proposed PSA referred to as worst link first (WLF), to choose the best

partner in cooperative communication systems. The WLF algorithm gives priority to the

worst link user to choose its partner and to maximize the energy gain of the radio cell. It is

easy to implement not only in centralized networks but also in distributed networks with

or without the global knowledge of users in the network. The proposed WLF matching

algorithm, being less complex than the optimal maximum weighted (MW) matching and

the heuristic based Greedy matching algorithms, yields performance characteristics close

to those of MW matching algorithm and better than the Greedy matching algorithm in

both static and mobile user networks. Furthermore, the proposed matching algorithm

provides around 10dB energy gain with optimal power allocation over a non-cooperative

system which is equivalent to prolonging the cell phone battery recharge time by about

ten times.
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Chapter 1

Introduction

1.1 Research Motivation

Modern communication systems are an important part of our day to day life. Espe-

cially, wireless communication systems such as mobile phone, wireless local area net-

work (WLAN), Bluetooth, etc., provide the freedom for users to roam and to communi-

cate from anywhere at any time. The next generation broadband wireless communication

systems are expected to provide wireless multimedia services such as high-speed Inter-

net access, multimedia message services (MMS) and mobile computing. In this case, the

wireless communication system designers face a number of challenges which include the

limited availability of the radio frequency spectrum and a complex time-varying wireless

channel environment. In addition, meeting the increasing demand for high data rates,

better quality of service (QoS), fewer dropped calls, longer battery life and higher net-

work/user capacity paves the way for innovative techniques that improve spectral effi-

ciency and link reliability.
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1.2 Problem Description

A signal transmitted through a wireless channel arrives at the destination along multiple

paths. These paths arise from scattering, reflection and diffraction of the transmitted

energy by the objects in the environment. The signals arriving along different paths are

attenuated and interfere with each other. The signal attenuation and interference can

be due to path loss, long term fading and short term fading. The path loss of a signal

depends on both the propagation environment and the distance between the transmitter

and the receiver. Long term fading results from the blocking effect of natural obstacles

and buildings. Short term fading is due to the constructive and destructive nature of

the multipath signals. In this case, time varying multipath signals give rise to effects in

different dimensions such as time (delay spread), frequency (Doppler spread) and space

(angle spread). Depending on the transmitted signal bandwidth, the fading channel can

be viewed as frequency selective, time selective and space selective. The presence of

channel impairments degrades the signal-to-interference-plus-noise-ratio (SINR) at the

receiver. Sophisticated transmission/reception methods are needed to mitigate channel

impairments.

Open loop power control can be used to combat path loss and long term fading effects

to achieve reliable transmission. Sophisticated closed-loop power control can be used to

combat short term fading [1]. However, the most appropriate way to combat short term

fading is the exploitation of diversity with sophisticated signal processing. Diversity

techniques are based on supplying several replicas of the same information bearing sig-

nal to the receiver over independently fading channels. There are several ways to provide

the independently fading replicas of the information-bearing signal to the receiver. Tem-

poral diversity, frequency diversity and spatial diversity are three main techniques that are

widely used in wireless communication systems. For example, channel coding is used

with appropriate interleaving method to provide temporal diversity. Frequency diversity

normally introduces redundancy in the frequency domain by transmitting the same infor-
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mation bearing signal over multiple carriers that are separated by the coherent bandwidth

of the channel. By deploying multiple transmit and receive antennas, which are separated

and/or polarized to create independent fading, spatial diversity can be achieved.

Recently, it has been shown that the achievable data rate of wireless communication

systems increases dramatically by employing multiple transmit and receive antennas [2]-

[5]. In these schemes, it is assumed that the complex-valued propagation coefficients

between any pairs of transmit and receive antennas is statistically independent. Indepen-

dent channel coefficients are obtained by placing transmit and receive antennas a few

wavelengths (3λ -10λ) apart from each other. Because of the wide antenna separation,

the traditional adaptive array concepts of beamforming and directivity cannot be applied

to these systems. Depending on whether multiple antennas are used for transmission

or reception, diversity is classified as transmit antenna diversity and receive antenna di-

versity. In receive antenna diversity schemes, multiple receive antennas are deployed at

the receiver to receive multiple copies of the transmitted signal, which are then prop-

erly combined to mitigate the channel fading. In fact, receive antenna diversity schemes

have been incorporated with the existing2nd generation mobile communication systems

such as GSM and IS-136 to improve the mobile to base station transmission (uplink) [6].

Transmit antenna diversity is feasible in the downlink of a mobile communication sys-

tem because multiple transmit antennas can be deployed at the base station to improve

the downlink performance of the system. This is accommodated in the3rd generation

mobile communication standards.

Due to the size and power limitations of the mobile unit, it is not feasible to deploy

multiple antennas at the mobile unit. As a result, the mobile to base station transmission

(uplink) has some bottleneck in the current mobile communication systems. This has

motivated the rapidly growing research on transmit antenna diversity with user cooper-

ation. In order to achieve transmit diversity in the uplink, other in-cell users antennas

can be shared in a cooperative manner. This mode of gaining transmit diversity is called

cooperative diversity (CD) [7–51]. Cooperative diversity schemes mitigate not only the
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Base station
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User 1 cooperative transmission

User 2 cooperative transmission

Figure 1.1: Cooperative diversity scheme for two users.

effects of short term fading but also the effects of long term fading, i.e., shadowing, by

choosing the partner who does not experience shadowing.

In a cooperative diversity scheme, mobile users would share the time or frequency

and other resources to relay the partner’s information to the destination. Generally, most

of the cooperative diversity schemes that are proposed in the literature have two phases

in the transmission. For example, as shown in 1.1, two mobile users (called sender and

partner) cooperate and transmit the information to the destination. In the first phase, the

sender transmits its information to both the destination and the partner. In the second

phase, the partner forwards the information to the destination. Finally, both received

signals are combined at the destination. In this case, time is shared by the sender and

partners to achieve cooperation.

Sharing resources reduces the effective transmission rate of a user. On the other hand,

the user obtains diversity gain by cooperation. In this situation, we do not know whether

direct or cooperative transmission is more beneficial. The performance is influenced by

a number of factors that should be taken into account in the design of a cooperative di-

versity scheme. One of the important aspects that characterize the performance of the
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cooperative diversity schemes is the quality of the interuser channel. If interuser chan-

nel is error free, the cooperative diversity scheme behaves like the conventional multiple

input single output (MISO) scheme. In contrast, the performance of the cooperative di-

versity scheme is worse than that of direct transmission if the quality of interuser channel

is worse than the source to destination channel. Therefore, selecting a best partner is im-

portant to get benefits from the cooperation. Due to mobility of the users, the partner

selection algorithm should predict the movement of the users. The algorithm could be

executed periodically by utilizing the predicted mobility information.

Other aspects such as the type of transmission scheme employed at the partner (am-

plify and forward, regenerate and forward), nature of the cooperative protocols (fixed,

adaptive), channel coding, resource allocation, cooperative region, handoff between part-

ners, etc., characterize the performance of a cooperative diversity scheme.

1.3 Main Contributions

The above mentioned considerations and constraints motivate us to propose a bandwidth

and power efficient two-user based cooperative diversity scheme which could be accom-

modated with minimal modifications in the currently available direct or point-to-point

communication systems. In addition, a partner selection algorithm is proposed to choose

the appropriate cooperating partners in the centralized and distributed wireless commu-

nication networks with or without the global knowledge of users.

A quadrature signaling based cooperative diversity (QS-CD) scheme is proposed in

which both user’s and partner’s information symbols are transmitted simultaneously in

his/her multiple access channels. Simultaneous transmission helps to improve the perfor-

mance of the scheme by dynamic resource allocation (power allocation, rate allocation,

etc.) based on the qualities of the channels. In addition, the QS-CD system eliminates the

additional synchronous transmission among the partners to receive the signal coherently
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at the destination in the distributed space-time coded systems [10, 18] and reduces sig-

naling complexity of the cooperative system. First, bit error performance of the QS-CD

system is analyzed for fixed relaying at the partner. Second, the bit error performance of

the QS-CD system is studied for adaptive relaying at the partner and it is generalized to

M-QAM modulation. Third, based on the bit error performance study, the cooperative

region within which cooperation can achieve a specified amount of energy gain over a

non-cooperative diversity (NCD) system is determined.

Performance of a network deploying the proposed QS-CD system can be further en-

hanced by cross layer design between the physical, data link and network layers. A cross

layer communication system by QS-CD and truncated stop-and-wait automatic repeat

request (ARQ) is proposed in this thesis. The proposed QS-CD-ARQ system which is

employing selection relaying at the relay is studied analytically by developing a Markov

model to capture the behavior of the correlated fading (time selective) among the partners

and partner-to-destination channels. This model helps us to study the effects of corre-

lated packet losses. The performance metrics such as channel efficiency, packet loss rate,

throughput, average packet delay and jitter are considered and the proposed system is

compared with the existing schemes in the literature those are considering incremental

relaying at the partner. The results show that the selection relaying outperforms incre-

mental relaying schemes when it has a good partner. In addition, the proposed QS-CD-

ARQ system is less complex in terms of implementation comparing with the system

employing incremental relaying.

Furthermore, we are concerned with optimally matching active mobile users in a two-

user-based cooperative diversity system to maximize the cooperative diversity energy

gain in a radio cell. Matching theory and algorithms have been extensively investigated

in the past for other applications,e.g.,scheduling, assignment. Both the state-of-the-

art algorithms to obtain the optimal matching, and the approximation algorithms have

been reported. The optimization problem for matching is formulated as a non-bipartite

weighted-matching problem in a static network setting. The weighted-matching problem
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can be solved using maximum weighted (MW) matching algorithm in polynomial time

O(n3) wheren is number active users in the network. To reduce the implementation and

computational complexity, we develop a Worst-Link-First (WLF) matching algorithm by

maximizing gain (MaxGain) of pair of user, which gives the user with the worse channel

condition and the higher energy consumption rate a higher priority to choose its part-

ner. The proposed WLF matching algorithm considers the fact that the nodes with worse

channel condition generally get more benefits from the cooperation, which is not obvi-

ous in other applications. Furthermore, there are some characteristics which are unique

in CD systems; thus, it is worth to re-investigate matching algorithms for this particular

problem. The computational complexity of the proposed WLF-MaxGain algorithm is

O(n2) while the achieved average energy gain is only slightly lower than that of the opti-

mal maximum weighted-matching algorithm and similar to that of the Greedy matching

algorithm (with computational complexity ofO(n2 log n)) for a static-user network. We

further investigate the optimal matching problem in mobile networks. By intelligently

applying user mobility information in the matching algorithm, high cooperative diversity

energy gain is achievable with moderate overhead. In mobile networks, the proposed

WLF-MaxGain matching algorithm, being less complex than the MW and the Greedy

matching algorithms, yields performance characteristics close to those of MW matching

algorithm and better than the Greedy matching algorithm.

Finally, we show how to appropriately selecting partners for two-user cooperative

diversity systems deploying an optimal power allocation strategy, considering not only

for QS-CD system but also the other CD schemes in the literature. We first formulate

and solve the power allocation problems of 2-user cooperation in cellular networks, con-

sidering both theregenerate and forwardCD systems (including our proposed QS-CD

system) and theamplify and forward. We also extend the optimal power allocation prob-

lems with the constraint that the relaying power at the partner be equal to the source’s

transmission power. We refer to this as the equal power constraint, which is desired for

static wireless networks like sensor networks, in which nodes are equipped with the same
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initial energy. The objective is to maximize the lifetime of the network; it is therefore

necessary to minimize the energy consumption of the nodes with the maximum energy

consumption rate. In this situation, equal power allocation (EPA) can maximize the life-

time of the pair. Second, by incorporating the optimum power allocation strategies pro-

posed, we study the location of the optimal partner for a user. Then, the WLF matching

algorithm is modified by minimizing maximum energy (MinMaxEnergy) spent by pair of

cooperating users. The newly proposed WLF-MinMaxEnergy algorithm performs very

close to the optimal MW matching algorithm. From the numerical results, we show that

with optimal power allocation and the proposed matching algorithm, a9 ∼ 10 dB coop-

erative diversity gain can be achieved, which is equivalent to prolonging the cell phone

battery recharge time by about ten times.

1.4 Structure of the Thesis

The remainder of the thesis is organized as follows. A literature survey of coopera-

tive communication systems and brief introduction to background subjects related to our

work such as diversity combining techniques, automatic repeat request and matching

algorithms are presented in Chapter 2.

In Chapter 3, thefixed regenerate and forwardQS-CD system is proposed. First, we

introduce the signal transmission and reception of the proposed system. Then, bit error

probability is analyzed for both similar and dissimilar channels towards the destination.

The effects of the interuser channel on the performance of the proposed system is studied

in terms of diversity gain and coding gain. Finally, the cooperative region is derived for

the proposed fixed QS-CD system that yields specified signal-to-noise-ratio (SNR) gain

over a non-cooperative system (direct transmission scheme).

Chapter 4 presents theadaptive regenerate and forwardQS-CD system in which the

partner employs adaptive relaying. After the introduction of the transmission model, the
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analytical derivation of bit error probability is given for the adaptive QS-CD system with

QAM scheme. In addition, the analytical results are validated by simulation for 4-QAM

and 16-QAM systems.

Effects of time correlated cooperative channels is studied in Chapter 5 by combining

QS-CD system with ARQ at the data link layer. The proposed QS-CD-ARQ scheme

based on selection relaying is analyzed using Markov modeling and validated via sim-

ulation. Moreover, the QS-CD-ARQ system is compared with the existing CD-ARQ

schemes in the literature.

Existing matching algorithms such as MW, Greedy and random are presented along

with the proposed WLF matching algorithm in Chapter 6. Then, the network employing

CD systems is introduced and performance evaluation of the matching algorithms are

given for a static network. Furthermore, how to group mobile users by considering user

mobility information is studied in Chapter 6.

In Chapter 7, joint optimal power allocation and partner selection is introduced to

maximize the energy saving in the wireless network. The joint scheme is generalized

for most of the CD systems based on bothamplify and forwardand regenerate and

forward. First, the power allocation problem is formulated and solved. Then, modified

WLF algorithm is proposed by considering power allocation for better energy saving.

Finally, the proposed joint system is evaluated numerically.

The contribution of this thesis is summarized in Chapter 8. In addition, the future

research directions relevant to the works in this thesis are discussed. Final remarks of the

thesis is given at the end of Chapter 8.
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Chapter 2

Literature Survey and Background

2.1 Introduction to Cooperative Diversity

Transmit diversity is a powerful technique for combating multipath fading in wireless

communications. It is used in3rd generation mobile communication systems to increase

the downlink data rate. However, employing multiple antennas in a mobile terminal

to achieve transmit diversity is not feasible due to the limited size of the mobile unit.

In order to overcome this problem, a new mode of gaining transmit diversity, called

cooperative diversity, which uses the antennas of the other users in the same cell in a

cooperative manner is proposed. A two-user cooperation scenario is depicted as shown

in Fig. 1.1. The cooperative diversity systems are immuned not only against short term

channel fading but also against long term channel fading. On the other hand, cooperative

schemes are more sensitive to interuser transmission errors.

Based on the forwarding scheme employed by the partner, CD schemes can be di-

vided into two categories:amplify and forward(relaying) andregenerate and forward

(regenerative repeat). Inamplify and forwardschemes, the partner simply amplifies the

signal received from the sender and retransmit it to the destination. To performam-
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plify and forward, the schemes require either complex transceiver for frequency division

forwarding or large storage for time division forwarding. In theregenerate and for-

ward schemes, which is also known as decode and forward, the partner demodulates,

re-modulates and retransmits the received signal to the destination.Regenerate and for-

ward schemes are more favorable for the mobile devices due to the implementation sim-

plicity. CD schemes can be categorized intofixedandadaptive. In fixedCD schemes,

the partner always forwards the information to the destination. In contrast, the partner

of anadaptiveCD scheme decides whether or not to forward the information based on

either interuser channel quality or feedback from the destination or checking cyclic re-

dundancy check (CRC) of the frame of bits. If the partner decides not to forward, then it

may repeat transmitting its own information sent in the earlier time slot or remain silent.

Theadaptive relayingscheme can be categorized asselectionand incremental[7]. For

the selection relaying, the partner always forwards the information if he/she has error

free information. On the other hand, incremental relaying forwards only when a request

is made from the destination. Generally, bothamplify and forwardandregenerate and

forward algorithms consist of two transmission phases as shown in Fig. 2.1 for multi-

ple partner cooperation systems. In the first phase, transmission terminals transmit the

information to their destinations and all potential partners. During the second phase, the

partners transmit the information to the destination.

2.2 CD systems proposed in the literature

In this section, the CD systems proposed in the literature are categorized and discussed.

2.2.1 Cooperative Diversity with Orthogonal Transmission

In [7]- [9], a variety of low complexity cooperative diversity protocols are proposed based

on repetition for frequency non-selective half duplex systems. These protocols employ
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Phase I Phase II

- Sender - Partner - idle user - Destination

Figure 2.1: Two phase nature of cooperative diversity systems with multiple partners.

different types of processing at the partner, as well as different type of combining at

the destination on terminals. That may be characterized asfixed and adaptive(selection

and incremental) relaying. Here, channel allocation for different senders is made across

the entire frequency band as shown in Fig. 2.2. Furthermore, subchannel allocation for

different relays is made across the time span in each frequency subband, as shown in

Fig. 2.3. Each subchannel contains a fraction1/m2 of the total degree of freedom in the

channel wherem is the number of users in the NCD systems. Similar to non-cooperative

transmission each sender and partner uses the fraction1/m of the total degree of freedom

in the channel to transmit to the destination.

The fixedamplify and forwardscheme proposed in [7] can be viewed as repetition

coding from two users, except that the partner amplifies its own receiver noise. The

sender to partner channel fading coefficient is utilized at the partner to amplify the signal.

Therefore, it is important to have accurate channel state information. The destination

receiver can use maximum ratio combining to decode the information from two sub

blocks of the received signal.

In fixed regenerate and forward, the partner can decode the information either by
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Figure 2.3: Subchannel allocation form users in repetition based cooperative diversity

medium-access control.
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fully decoding the source message to estimate the source codeword or by estimating

symbol by symbol. The regenerated signal is transmitted by the partner according to the

repetition coding scheme. To combine the transmission from the sender and the partners,

a suitably modified matched filter is employed at the destination. The selection relaying

scheme functions based on the the channel quality between the sender and the partner

(interuser). If the interuser channel quality falls below a certain threshold the sender

simply continues its transmission to the destination in the form of repetition. If the in-

teruser channel quality lies above the threshold, the partner forwards what it receives

from the sender. The performance of selectionregenerate and forwardcooperative di-

versity scheme is analyzed for more than two terminals in [10]. It is shown in [10] that

repetition protocol offer full spatial diversity for multiuser cooperation to achieve diver-

sity gain.

However, full spatial diversity benefits of the repetition based cooperative diversity

scheme come at a price of decreasing bandwidth efficiency with the number of cooper-

ating users. The repetition-coded transmission of both fixed and selection relaying loses

an additional 3dB from the two antenna transmit diversity bound at high SNR. To over-

come the problem a hybrid ARQ based scheme, called incremental relaying, is proposed.

Here, the partner forwards what it receives from the sender if the feedback from the des-

tination indicates that the direct transmission from the sender to the destination alone

was not successful. This scheme has been shown as information theoretically efficient.

But, It has lots of implementation and complexity issues such as partner should aware

about ARQ, resource allocation to the partner transmission for short duration (one frame

duration), etc.

Both Fixed amplify and forward, and incremental amplify and forwardachieve di-

versity order of two. The performance of the fixedregenerate and forwardscheme is

mainly dependant on the interuser channel quality. By contrast,incremental amplify and

forward overcomes these additional losses by relaying the information only when nec-

essary. Incremental amplify and forwardis useful in developing higher layer network
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protocols that select between direct transmission and cooperative diversity. Such algo-

rithms and their performance represent an interesting area of future research and a key

ingredient for fully incorporating cooperative diversity into wireless networks. There are

costs associated with the proposed cooperative protocols. Cooperation with half-duplex

operation requires twice the bandwidth of direct transmission for a given rate, and leads

to larger effective SNR losses for increasing spectral efficiency.

A selection regenerate and forwardscheme for cooperative diversity networks is

proposed in [11–13]. The influence of the data rate, path loss and network geometry

on the cooperative scheme is studied in [11] with the assumption that interuser channel

quality is always good. In this scheme, the channel is divided into two subchannels in the

time domain which demands a bandwidth twice as large compared to the NCD scheme.

In addition, the scheme wastes radio resources when the interuser channel incurs error.

In [14], a CD system based on regenerate and forward and superposition modulation

at the partner is proposed. At the partner, the sender’s and the partners’ information

are modulated using superposition modulation proposed. The destination decodes the

information using a maximum a posteriori probability (MAP) detector. This CD system

outperforms the classicalregenerate-and-forwardcooperation schemes by 1-2 dB at the

expense of a more complex receiver.

So far, all the systems mentioned above assume that perfect channel state information

(CSI) is available at the respective receivers or can be estimated. In slow-fading scenar-

ios, CSI can be estimated from training sequences. However, CSI may not be accurately

obtainable if the fading coefficients vary quickly. Since the coherence time decreases in

a fast fading situation, estimation of CSI substantially reduces the data transmission rate

due to pilot tones insertion. In this passage, the CD systems that can perform without

CSI are presented. CD systems based on differential modulation are proposed and ana-

lyzed in [15] and [16] forregenerate and forwardandamplify and forward, respectively.

The system proposed in [15] can decode the information at the partner and the destina-
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tion without CSI. Foramplify and forward, the system proposed in [16] can handle the

differentially modulated transmission from the sender to the destination. This scheme

can be classified as a fixed CD system. Non coherent modulation and demodulation

method is proposed for bothregenerate and forwardandamplify and forwardin [17].

The proposed system considering binary frequency shift keying (BFSK) modulation and

compare the results with coherent modulation systems.

2.2.2 Cooperative Diversity based on Space-Time Coding

In [7–9] and reference there in, full spatial diversity benefits of these repetition based

cooperative diversity algorithms come at a price of decreasing bandwidth efficiency with

the number of cooperative terminals. An alternative approach to improve bandwidth

efficiency of the algorithms is proposed in [10, 18] based on space-time codes (STC)

called distributed space-time coding (DSTC). In this case, partners utilize a suitable STC

in the second phase. Therefore all the partners can transmit simultaneously on the same

subchannels as shown in Fig 2.4. Similar to the non-cooperative scheme, repetition based

cooperative diversity scheme utilizes 1/m of the total degree of freedom in phase II. In

contrast, each partner employing DSTC transmits in1/2 the total degree of freedom in

the channel. By requiring more computational complexity in the terminals, DSTC can

achieve full diversity without any feedback. An outage analysis is given in [10] on a

random coding argument.

In [19], an extension of the DSTC of [10, 18] toK amplifying relays is presented.

An exact average symbol error rate performance of this system is derived for phase shift

keying (PSK) transmissions over Rayleigh-fading channels. The proposed system in [19]

can achieve diversity order ofK + 1. In addition, asymptotic study of a cooperative

scheme operating inamplify-and-forwardfor a large number of relays is presented in

[20]. A channel dependent optimal code design rule is derived by utilizing the pairwise

error probability (PEP) derivation. A DSTC systems based super orthogonal space-time
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Figure 2.4: Channel allocation form users in distributed space-time coded cooperative

diversity medium-access control.

trellis code is proposed in [21], in which the performance is investigated through the

derivation of PEP. A differential DSTC scheme is presented in [22] which can decode

the STC at the receivers without the knowledge of CSI, with a few dB penalty in SNR

gain. Similar study is done for bothregenerate and forwardandamplify and forward

in [23].

But in practice, the number of users participating in the cooperative event is un-

known. In cooperative operation, the signals transmitted from some of the antennas may

disappear due to deep fading. To overcome this problem, the columns of the code matrix

should be orthogonal to each other. Space-time block code based on orthogonal design is

a better candidate for this scenario. The DSTC system has a major disadvantage in syn-

chronous reception inPhase IIat the destination due to the different propagation delays

among the partners to destination links.

In [24] and [25] asynchronous DSTC systems are presented for trellis and block

coding, respectively. Based on the code proposed in [24], various generalizations of

optimal rate-diversity tradeoff codes proposed in [52] are constructed for a distributed
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environment in [26]. However, the proposed asynchronous systems can work without

synchronous reception at the destination, with the penalty of the loss in energy gain by

few dB over synchronous systems.

Most of the works reported earlier consider the flat fading channel. But, three dis-

tributed space-time block coded (DSTBC) methods, such as distributed time reversal,

distributed single carrier and distributed orthogonal frequency division multiplexing (OFDM),

are introduced for frequency selective channels in [27]. The proposed methods are inves-

tigated for Alamounti’s space-time block code (STBC) [53] and shown that the proposed

schemes can achieve the diversity order ofL + 1 whereL is the channel memory.

2.2.3 Cooperative Diversity for CDMA Sytems

A new form of cooperative strategy employed by two users based on a combination of

block Markov encoding and backward decoding is proposed in [31]- [33]. The information-

theoretic capacity, outage, and coverage analysis in [31] illustrates the potential benefits

of cooperation. It is also shown that the cooperation is beneficial for both users in terms

of increasing the achievable rates and decreasing the probability of outage. Alternatively,

cooperation can also be used to increase the cell size of a cellular system. Based on

the signal structure used for the information-theoretic analysis, a possible code-division

multiple-access (CDMA) implementation is proposed in [31] and it is extended for high-

rate CDMA systems using multiple spreading codes in [32]. In addition, the potential

uses of cooperation in cellular and wireless ad hoc networks are discussed.

The benefits of cooperation and practical issues within the CDMA framework are

further analyzed in [32]. The CDMA cooperative structure suggested in [31] is investi-

gated in terms of probability of error for both optimal receiver and low complexity sub-

optimal receiver. It is also shown that cooperative diversity not only offers improvement

in throughput but also increases the coverage of a cell. Benefits of cooperation, when a

mobile using multiple CDMA code for high rate systems, is also studied. Finally, it is
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shown that cooperation is superior to no cooperation at the expense of complexity even

though the mobile does not have channel phase information.

The authors of [31]- [33] indicate that their scheme is not necessarily optimal, which

paves the way for an optimal cooperative diversity scheme. The sub optimum receiver

given in [31]- [33] also has some limitations in performance and practical implemen-

tations. In addition, the scheme wastes transmit power of both users when interuser

channel exhibits errors.

2.2.4 Cooperation based on Channel Coding

A different framework based on channel coding, called coded cooperation, is proposed

in [34–38]. The key ideas of the scheme are cooperation through partitioning a user’s

codeword and avoiding error propagation through error correction by the partner. Instead

of repeating the symbols, the codeword of each user is partitioned into two sets; one

partition is transmitted by the sender and the other by the partner through partial or

complete decoding. Generally, various forward error correcting block or convolutional

code can be used in conjunction with either puncturing or product codes for cooperation.

More specifically, rate compatible punctured convolutional (RCPC) code is selected in

[34]- [36]. In [34] and [35], a simulation study of the proposed scheme is given. In

addition, analytical derivation of pairwise error probability of the scheme is given and

compared with the simulation results in [36]. In [37], rate compatible punctured turbo

(RCPT) code is considered instead of RCPC.

Another coding technique called distributed turbo coding is proposed for cooperative

diversity system with quasi-static relay channel in [39] and [40]. The source broadcast a

recursive systematic convolutional code to both the partner and the destination. The part-

ner decodes, interleaves and re-encodes the message and forwards it to the destination.

The destination detects the data by introducing both direct and regenerated messages into

an iterative decoder. In addition, the information theoretic limit on outage probability of
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the distributed turbo codes is analyzed.

The performance of the coded cooperation schemes is bounded by the tradeoff be-

tween coding gain and diversity gain. Furthermore, channel coding, which is used in

this scheme, is designed for non-cooperative diversity systems. A development of chan-

nel coding which accounts for the effects of all the channels associated with cooperative

transmission is fruitful to optimize the performance of a coded cooperation system.

2.2.5 Information Theoretic Study on Cooperative Diversity

In this section, we summarize the information theoretic analysis on cooperative diversity

given in the literature. This includes diversity-multiplexing tradeoff bounds and average

symbol error probability (SEP) and outage probability analysis.

Generally, a multiple input and multiple output (MIMO) system provides both di-

versity gain and multiplexing gain. But, there is a fundamental tradeoff between how

much of each type of gain any MIMO system can get. The diversity and multiplexing

tradeoff, which is actually the tradeoff between the BEP and the data rate of a system, is

studied in [54]. It is further extended to MIMO multiple access channels in [55]. Similar

analysis is done in [41] for cooperative diversity schemes such as amplify and forward,

regenerate and forward and DSTC. Achievable diversity-multiplexing tradeoff for half

duplex cooperative systems is studied in [42] and [43].

Based on the parameterization quantifying given in [56], the average SEP and outage

probability are analyzed for multi-branch multi-hop non-regenerative cooperative diver-

sity systems in [44]. The method presented in [56] enables the derivations of average SEP

for high SNR by looking at the probability density function (PDF) of the SNR around

zero. The error probability analysis given in [44] reveals that the error gain of multi-hop

systems stems from reduced path loss, while that of multi-branch systems comes from

both the reduced path loss and the diversity.
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2.3 Background

In this section, a brief introduction of background related to our work such as diversity

combining techniques, automatic repeat request and matching algorithms is presented.

2.3.1 Diversity Combining Techniques

Diversity combing is a technique that combines multi-branch signals to one enhanced

signal. Generally, it can be classified as selection combing (SC), equal gain combining

(EGC) and maximum ratio combining (MRC) [58]. The SC selects the best signal among

all the branches. It is very simple to implement and gives worse performance by ignoring

other branches. The EGC gives equal weights for all the branches by considering the

phase of the received signal and sum all of them as one signal. Since it gives the same

weight to both weak signal branches as well strong signal branches, the weak signal

may destroy the information carried by the strong signal. EGC is better than SC. The

MRC gives the optimal performance by weighting each branch proportional to the signal

amplitude [59] and summing them. That means the branches with strong signal are

further amplified while weak signals are attenuated. The MRC needs accurate signal

amplitude and phase information for proportional weighting. However, the performance

of the MRC scheme is far better than those of the other two.

2.3.2 Automatic Repeat Request

Automatic repeat request is an error control mechanism used in data communication

systems [60]. The destination sends a feedback to the sender by positive acknowledge-

ment (ACK) or negative acknowledgement (NAK) for each data frame. The destination

checks each data frame using CRC for error. If the received frame is in error, the destina-

tion sends a NAK and the sender re-transmits the data frame. Otherwise, the destination
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sends an ACK and the sender transmits a new data frame. In addition to feedback, the

sender has a timeout mechanism. If the sender does not receive the feedback within the

specified time after transmission of the data frame, timeout occurs and the sender re-

transmit the date frame. The re-transmission process continues until the data frame is

successfully received or re-transmission exceed the maximum number of re-tries. If the

number of re-transmissions is bounded by the maximum number of re-tries, such ARQ

system is called a truncated-ARQ systems.

Depending on the mechanism employed, the ARQ schemes can be stop-and-wait

ARQ, go-back-N ARQ, selective repeat ARQ, etc. The stop-and-wait ARQ is simple

compared with others and it transmits one frame at a time and waits for feedback or time-

out before sending the next frame or retransmit the same frame. In other ARQ schemes,

the sending process continues to send a number of frames specified by a window size

even without receiving an ACK packet from the destination.

2.3.3 Matching Algorithms

Graph theory defines the matching as a set of edges without common vertices. LetG =

{V , E} be a graph, whereV is a set of vertices andE ⊆ V × V is a set of edges between

vertices. A subsetS of E is called amatchingsubset if there are no two edges inS
sharing the same vertex. If a vertex is incident to an edge in theS, the vertex is matched.

Otherwise, the vertex is unmatched.

Generally, matching can be categorized as bipartite and non-bipartite matching. A

bipartite matching is done between two disjoint sets of vertices in a graph such that

no edge has both end-points in the same set. On the other hand, the matching can be

done any of two vertices in a graph called non-bipartite matching. In this thesis, we are

concerned with non-bipartite matching algorithms.

If each edge has an associated valuew in a non-bipartite graph, it is called weighted

non-bipartite graph. Maximizing the weight is equivalent to maximizingw(S) =
∑

ei,j∈S w(ei,j)
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among all possible matchings, which is a non-bipartite weighted-matching problem. The

maximum weighted matching algorithm developed in [61] can yield the optimal solution

for the non-bipartite weighted-matching problem in polynomial time,O(n3). In addition,

the heuristic based Greedy matching algorithm [62] gives sub-optimal performance with

the complexity ofO(n2 log n).
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Chapter 3

Fixed Cooperative Diversity System

Orthogonal signaling helps to easily distinguish the signals at the receiver. The inner

product of two orthogonal signals is zero. This orthogonal property of the signals can

be achieved in numerous ways for the communication system, i.e., quadrature signal-

ing (in-phase and quadrature components of quadrature amplitude or phase shift keying

modulation), frequency shift keying , orthogonal frequency division multiplexing, Walsh

spreading codes, etc.

In this chapter, a bandwidth and energy efficient CD system based on quadrature

signaling is proposed for a two-user cooperation over flat fading channels. Quadrature

signaling is achieved by transmitting in the in-phase and quadrature components of a

PSK/QAM modulation scheme. The proposed scheme is afixed regenerate and forward

type; this means the relay always regenerates the symbol and forwards it to the destina-

tion. The power and bandwidth of the proposed cooperative scheme are equal to those

of a non-cooperative scheme. Both symbol-by-symbol detection and a absence of CRC

checking in the partner’s device offer implementation simplicity and reduce the process-

ing delay. In addition, processing delay at the partner’s mobile and propagation delay

difference between the direct and the partner transmissions are taken into account at the

base station (BS) receiver. Furthermore, the proposed scheme is simpler to implement
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than the CD systems reported in the literature, since the proposed scheme only needs

the additional hardware to receive the uplink signal of the partner. It also can be easily

switched between cooperative and non-cooperative modes based on the interuser signal-

to-noise ratio (ISNR). Our contributions in this chapter can be summarized as follows:

• Derivation of bit error performance of the proposed scheme for both similar1 and

dissimilar channels towards the BS.

• Derivation and presentation of diversity gain that can be achieved by the CD

scheme under various interuser and user to BS channel conditions.

• Derivation of the cooperative region for both specified CD gain and specified bit

error performance over direct transmission.

The rest of the chapter is organized as follows. The transmission model and the

signal reception procedure at the partner and at the destination are described in Section

3.1. Bit error probability (BEP) of the system is analyzed in Section 3.2. Section 3.3

studies the diversity gain and coding gain of the proposed system. The region of the

partner for cooperation, called cooperative region, is derived in Section 3.4. The chapter

is summarized in section 3.5.

3.1 Transmission Model

Consider a cooperative wireless communication system in which each mobile user co-

operates with another mobile user (the partner) to transmit information in the uplink as

shown in Fig. 1.1. In each cooperative mobile device, both own and partner’s information

are simultaneously transmitted using quadrature signaling2.
1By similar channel, it is meant that the signal-to-noise ratios of both sender and partner are equal at

the destination (BS).
2With quadrature signaling, a user transmits the partner’s signal as well as its own. Thus the roles of

sender and partner are interchangeable.
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Figure 3.1: Transmission frame format and the signal constellation of the proposed mod-

ulation scheme.

3.1.1 Signal Transmission

The transmission frame format and the signal constellation of the QPSK modulation

scheme are shown in Fig. 3.1. Fig. 3.1(a) shows a frame of information symbols trans-

mitted by user 1 in channel 1and user 2 in channel 2. In the first symbol interval,

each user transmits its own information only. In successive symbol intervals, each user

transmits not only its own information but also the partner’s information received in the

previous symbol interval. But, in the last symbol interval of the frame, each user trans-

mits the partner’s information only. In our proposed scheme,user 1anduser 2use the

in-phase and the quadrature components of a QPSK modulated signal, respectively. This

means that each user equivalently employs BPSK modulation. The signal constellation

is illustrated in Fig. 3.1(b).
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Figure 3.2: Transceiver structure of the mobile terminal.

The standard QPSK transceiver is modified as shown in Fig. 3.2 to accommodate the

proposed scheme. As mentioned above, bothuser 1’s anduser 2’s data bits are fed to the

in-phase and quadrature branches of the transmitter, respectively. In the uplink receiver

of channel 1, the in-phase and quadrature components are demodulated separately to

forward the detecteduser 1’s data bits to the base station. In addition, we assume that

the channel fading coefficients are available at the respective receivers to demodulate the

symbol using matched filtering.

3.1.2 Signal Reception

The receiver structure at the BS is shown in Fig. 3.3. The signals are received from

both users’ channels and combined using a maximum ratio combiner. To decode the

information of user 1, the received signal from channel 1 is delayed by one symbol

interval and combined with the received signal from channel 2 in the MRC. Similarly, to

decode the information ofuser 2, the received signal from channel 2 is delayed by one

symbol interval and combined with the received signal from channel 1. The output of

the MRC is sent to a decision device which converts it to a binary data.

The baseband equivalent received signals fromuser 1anduser 2at the BS is de-
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Figure 3.3: Receiver of the base station

noted asr1,B(t) andr2,B(t), respectively. Similarly,user 2’s uplink signal received by

user 1anduser 1’s uplink signal received byuser 2are denoted asr2,1(t) andr1,2(t),

respectively. From the system model,r1,B(t), r2,B(t), r2,1(t) andr1,2(t) can be written

as,

r1,B(t) = h1,B(t)s1(t) + η1,B(t)

r2,B(t) = h2,B(t)s2(t) + η2,B(t)

r2,1(t) = h2,1(t)s2(t) + η2,1(t)

r1,2(t) = h1,2(t)s1(t) + η1,2(t)

(3.1)

where the channel fading coefficient between useri and the BS is denoted byhi,B(t)

and the channel fading coefficient from useri to userj is denoted byhi,j(t). When

the interuser channel is symmetric,h1,2(t) = h2,1(t). The channels are modeled as

Rayleigh flat fading channels.η1,B(t), η2,B(t), η1,2(t) andη2,1(t) are additive noise at the

respective receivers and modeled as zero mean circularly symmetric, complex Gaussian

distributed with varianceN0/2. s1(t) ands2(t) are transmitted signals fromuser 1and
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user 2, respectively, and are chosen from the QPSK signal constellation shown in Fig.

3.1(b). Therefore,s1(t) ands2(t) can be written as follows:

s1(t) =
√

Eb/2(b1(t) + jb̄2(t− Ts))

s2(t) =
√

Eb/2(b̄1(t− Ts) + jb2(t))
(3.2)

whereb1(t) andb2(t) are BPSK information symbols ofuser 1anduser 2, respectively,

andb̄i(.), i = 1, 2, are the corresponding reproduced symbols at the partners.Ts denotes

the symbol duration andEb is the bit energy of non-cooperative transmission.

Using maximum likelihood (ML) detection atuser 1to detectuser 2’s data we have

b̌2 = ={h∗2,1(t)r2,1(t)}. (3.3)

where the superscript * denotes conjugate of a complex number and conjugate transpose

of a matrix. Similarly, detectinguser 1’s data atuser 2yields

b̌1 = <{h∗1,2(t)r1,2(t)}. (3.4)

The decision rule is,

b̄i =





1 if b̌i > 0

−1 otherwise
. (3.5)

In the above, the symbols<{Z} and={Z} denote the real and the imaginary parts of the

complex numberZ, respectively. At the BS, the signals received from both user channels

are combined using MRC and decoded. The results are

b̃1 = <{h∗1,B(t− Ts)r1,B(t− Ts) + h∗2,B(t)r2,B(t)} and

b̃2 = ={h∗2,B(t− Ts)r2,B(t− Ts) + h∗1,B(t)r1,B(t)}.
(3.6)

Choose

b̂i =





1 if b̃i > 0

−1 otherwise
. (3.7)
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3.1.3 Non Cooperative Diversity System

When user cooperation is not beneficial, the system can be switched to non cooperative

diversity (NCD) system. In this chapter, NCD system are referred to the conventional

direct communication system between user-to-destination. In such a circumstance, NCD

system uses standard BPSK modulation with bit energyEb.

3.2 Analysis of Bit Error Probability

Without loss of generality, consider the data transmission ofuser 1. Assume quasi static

flat Rayleigh fading, i.e.,h1,B(t) = h1,B(t− Ts) = h1,B, h2,B(t) = h2,B(t− Ts) = h2,B,

h1,2(t) = h1,2 andh2,1(t) = h2,1. DefineH = [ h1,B h2,B ]T where[·]T denotes matrix

transpose and

r =


r1,B(t− Ts)

r2,B(t)


 =


 h1,B

Θh2,B


 b1 +


η1,B(t− Ts)

η2,B(t)


 (3.8)

whereΘ is an indicator of decoding error ofb1 at user 2i.e., Θ = −1 with probability

P1,2 andΘ = 1 with probability 1 − P1,2, whereP1,2 is the interuser average bit error

probability. The decision rule at the MRC receiver can be written as3

b̂1 = sign{<(H∗r)} = sign{<((|h1,B|2 + Θ |h2,B|2)b1 + η)} (3.9)

3We assume that the channel fading coefficientsh1,B andh1,B are perfectly known at the receiver.
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whereη is the additive noise with zero mean and variance(|h1,B|2 + |h2,B|2)N0/2 and

the instantaneous error probability for equiprobable bits is given by

P c
e = P

(
b̂ = 1|b1 = −1

)

= P
(
η > (|h1,B|2 + Θ |h2,B|2)

√
Eb/2

)

= (1− P1,2)P
(
η > (|h1,B|2 + |h2,B|2)

√
Eb/2

)
+ P1,2P

(
η > (|h1,B|2 − |h2,B|2)

√
Eb/2

)

= (1− P1,2)Q


 (|h1,B|2 + |h2,B|2)

√
Eb/2√

(|h1,B|2 + |h2,B|2)N0/2


 + P1,2Q


 (|h1,B|2 − |h2,B|2)

√
Eb/2√

(|h1,B|2 + |h2,B|2)N0/2




= (1− P1,2)P
c
MRC + P1,2P

c
dMRC ,

(3.10)

whereP c
MRC = Q

(
(|h1,B|2+|h2,B|2)

√
Eb/2q

(|h1,B|2+|h2,B|2)N0/2

)
, P c

dMRC = Q

(
(|h1,B|2−|h2,B|2)

√
Eb/2q

(|h1,B|2+|h2,B|2)N0/2

)
and

the superscriptc denotes instantaneous value .

3.2.1 Derivation ofPMRC

Let PMRC denote the average BEP of the MRC. In this subsection, we reformulate the

derivation of the BEP of multi branch MRC given in [63] for the BEP of the two branch

MRC. Let γi = Eb

N0
|hi,B|2 be the received bit energy-to-noise spectral density ratio and

γ̄i be the average bit energy-to-noise spectral density ratio from theith channel. Note

that energy-to-noise spectral density ratio is equivalent to signal-to-noise ratio (SNR).

For notational convenience, we will refer toγ as the SNR throughout the thesis.

3.2.1.1 Dissimilar Channel towards BS

Theγi has a chi-squared distribution with two degrees of freedom. The PDF ofγi can be

written as

pγi
(γi) =

1

γ̄i

exp−γi/γ̄i (3.11)
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Let E{|hi,B|2} = σ2
i,B, thenγ̄i = σ2

i,B(Eb/N0). The characteristic function ofγi can be

written as

φγi
(jω) =

1

1− jωγ̄i

. (3.12)

Sinceγ = γ1 + γ2, the characteristic function ofγ is

φγ(jω) =
1

(1− jωγ̄1)(1− jωγ̄2)
. (3.13)

Inverse Fourier transforming the characteristic function in (3.13) yields the probability

density function ofγ, which can be written as

p(γ) =

(
γ̄1

γ̄2 − γ̄1

)
1

γ̄1

exp−γ/γ̄1 +

(
γ̄2

γ̄1 − γ̄2

)
1

γ̄2

exp−γ/γ̄2 , γ ≥ 0. (3.14)

By rewriting theP c
MRC in terms ofγ1 andγ2, we have

P c
MRC = Q

(√
γ1 + γ2

)
= Q (

√
γ) . (3.15)

By averaging the instantaneous error probability (3.15) over the pdf given in (3.14), we

have

PMRC =

∫ ∞

0

Q (
√

γ) p(γ)d(γ)

=
1

2

[
γ̄1

γ̄1 − γ̄2

(
1−

√
γ̄1

2 + γ̄1

)
+

γ̄2

γ̄2 − γ̄1

(
1−

√
γ̄2

2 + γ̄2

)]
.

(3.16)

3.2.1.2 Similar Channel towards BS

In this case, both channels have equal bit energy-to-noise spectral density ratio at the BS,

so that̄γ1 = γ̄2. From (3.13), the characteristic function ofγ becomes

φγ(jω) =
1

(1− jωγ̄1)2
. (3.17)

Inverse Fourier transforming the characteristic function in (3.17) yields the probability

density function ofγ,

p(γ) =
1

γ̄2
1

γ exp−γ/γ̄1 γ ≥ 0. (3.18)
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By averaging the instantaneous error probability (3.15) over the pdf given in (3.18), we

have

PMRC =

∫ ∞

0

Q (
√

γ) p(γ)d(γ)

=

(
2 +

√
γ̄1

2 + γ̄1

) [
1

2

(
1−

√
γ̄1

2 + γ̄1

)]2

.

(3.19)

3.2.2 Derivation of Lower Bound ofPdMRC (PL
dMRC)

When the interuser channel incurs bit error, the MRC operation is equivalent to sub-

tracting one signal from the other, and we refer to this operation as differential MRC

(dMRC).

P c
dMRC = Q


 (|h1,B|2 − |h2,B|2)

√
Eb/2√

(|h1,B|2 + |h2,B|2)N0/2




> Q




√
|(|h1,B|2 − |h2,B|2)|Eb

N0




= Q
(√

|γ1 − γ2|
)

(3.20)

Thereforeγ can be written as

γ =





γ1 − γ2 if γ1 ≥ γ2

γ2 − γ1 otherwise
. (3.21)

By considering the property ofγ given in (3.21),PL
dMRC can be expressed as

PL
dMRC = P (γ1 ≥ γ2)P (e|γ1 ≥ γ2) + P (γ1 < γ2)P (e|γ1 < γ2). (3.22)

3.2.2.1 Derivation ofP (γ1 ≥ γ2) and P (γ1 < γ2)

On the basis thatγ1 andγ2 are independent, the joint pdf is given by

pγ1,γ2(γ1, γ2) =
1

γ̄1γ̄2

exp−γ1/γ̄1 exp−γ2/γ̄2 . (3.23)
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Therefore,

P (γ1 ≥ γ2) =

∫ ∞

0

∫ γ1

0

1

γ̄1γ̄2

exp−γ1/γ̄1 exp−γ2/γ̄2 d(γ)

=
γ̄1

γ̄1 + γ̄2

.
(3.24)

Similarly,

P (γ2 > γ1) =
γ̄2

γ̄1 + γ̄2

. (3.25)

3.2.2.2 Derivation ofP (e|γ1 ≥ γ2) and P (e|γ1 < γ2)

By considering the caseγ = γ1 − γ2 ≥ 0, the characteristic function ofγ becomes

φγ(jω) =
1

(1− jωγ̄1)(1 + jωγ̄2)

=

(
γ̄1

γ̄2 + γ̄1

)
1

(1− jωγ̄1)
+

(
γ̄2

γ̄2 + γ̄1

)
1

(1 + jωγ̄2)

(3.26)

Inverse Fourier transforming the characteristic function in (3.26) yields the pdf ofγ:

p(γ) =

(
1

γ̄1 + γ̄2

) (
exp−γ/γ̄1 + exp−γ/γ̄2

)
, γ ≥ 0. (3.27)

By averaging the instantaneous BEP (3.20) over the pdf given in (3.27),

P (e|γ1 ≥ γ2) =

∫ ∞

0

Q (
√

γ) p(γ)d(γ)

=
1

2

[
γ̄1

γ̄1 + γ̄2

(
1−

√
γ̄1

2 + γ̄1

)
+

γ̄2

γ̄1 + γ̄2

(
1−

√
γ̄2

2 + γ̄2

)]
.

(3.28)

Similarly, we can show that for the caseγ = γ2 − γ1 > 0,

P (e|γ1 < γ2) = 1− P (e|γ1 ≥ γ2). (3.29)

Using (3.24), (3.25), (3.28) and (3.29) in (3.22), we have

PL
dMRC =

(
γ̄2

γ̄1 + γ̄2

)
+

(
γ̄1 − γ̄2

γ̄1 + γ̄2

)
1

2

[
γ̄1

γ̄1 + γ̄2

(
1−

√
γ̄1

2 + γ̄1

)
+

γ̄2

γ̄1 + γ̄2

(
1−

√
γ̄2

2 + γ̄2

)]
.

(3.30)

Letting γ̄1 = γ̄2 in (3.30) for the case of similar channels towards the BS,

PL
dMRC =

(
γ̄2

γ̄1 + γ̄2

)
= 0.5 (3.31)
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3.2.3 The Bit Error Probability of Interuser Channel

The average BEP of interuser channel is given by [63],

P1,2 =
1

2

(
1−

√
γ̄1,2

2 + γ̄1,2

)
(3.32)

whereγ̄1,2 = Eb

N0
E{|h1,2|2} = σ2

1,2
Eb

N0
.

3.2.4 Lower Bound of the BEP of the Proposed Scheme

Substituting the derived average BEP terms instead of the instantaneous BEP terms in

(3.10), the lower bound of the average BEP of the proposed scheme can be written as

PL
e = (1− P1,2)PMRC + P1,2P

L
dMRC . (3.33)

3.2.5 Differential Signal-to-noise Ratio (dSNR)

Because of the proximity, we expect the interuser channel betweenuseri anduserj to be

of better quality than theith channel (betweenuseri and BS) and define the differential

signal-to-noise ratio as

dSNRi[dB] = γ̄i,j[dB]− γ̄i[dB]. (3.34)

3.2.6 Numerical Results

In this subsection, we present the performance of the proposed cooperative diversity

scheme. The BEP of the proposed scheme has been evaluated analytically and via simu-

lation. In our simulation, a frame, consisting of 128 information symbols (effectively it

needs 129 symbol durations to transmit in cooperation), is transmitted through a Rayleigh

flat fading channel. The noise is assumed as a zero mean complex Gaussian process with
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Figure 3.4: Bit error performance of both users when SNR of user 2 is fixed at 12dB for

differential SNR gain of 10 dB.

varianceN0/2 . The channel is also considered as slow fading that remains constant over

the interval of a frame. We assume that the fading channel coefficients is available at

the respective receivers for decoding the received signal. In practice, the fading channel

coefficients has to be estimated with associated estimation error.

The BEPs as a function ofuser 1’s SNR of the proposed cooperative diversity scheme

for dissimilar channels are plotted in Fig. 3.4 and Fig. 3.5. Here,γ̄2 is fixed at 12dB

andγ̄1 varies from 0 to 25 dB. Inspection of these figures show that the analytical results

for lower bound coincide with the simulation results. This is because the difference

betweenPdMRC andPL
dMRC is not significant in the calculation of the overall BEP. In

Fig. 3.4, the simulation and analytical results of the proposed scheme are compared

with the non-cooperative scheme for both users at a differential SNR gain of 10dB. For

the non-cooperative diversity scheme, we consider direct transmission of standard BPSK

modulated signals with the same symbol energy as the proposed cooperative diversity

scheme. Further, the results show that the BEP of both users is enhanced significantly
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Figure 3.5: Bit error performance of user 1 when SNR of user 2 is fixed at 12dB for

differential SNR gains of 10 and 20dB.

by the proposed scheme. It means that cooperation enhances not only the performance

of the user far away from the BS but also the user near to the BS. In addition, the BEP

improves with the interuser channel quality, as shown in Fig. 3.5 foruser 1. Thus, the

BEP performance of the proposed scheme improves as the dSNR gain increases. For

ideal cooperation, the performance of the proposed scheme is the same as that of the

conventional MRC scheme with one transmit and two receive antennas.

In Fig. 3.6, the BEP of the proposed scheme for various dSNR is compared with

those of non-cooperative diversity scheme, Alamouti’s space-time block coding (STBC)

scheme [53] and ideal cooperation (assuming that the partner’s information is perfectly

decoded) scheme, when̄γ1 = γ̄2. The proposed scheme achieves diversity order of

two when ideal cooperation takes place, and similar performance can be achieved when

dSNR is 20dB or better. It gives a 3dB gain over the non-cooperative diversity scheme

when dSNR is 3dB. In addition, Fig. 3.6 shows that the performance of the proposed

scheme is similar to that of the non-cooperative diversity scheme when dSNR = 0dB. It
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Figure 3.6: Bit error performance of user 1 compared with Alamouti scheme for similar

channels towards the BS for various interuser channel conditions.

is also noted that cooperation is not beneficial when the interuser channel is worse than

the channel between the user and the BS. In this similar channel case, the performance

of the proposed scheme can be compared with Alamounti’s STC scheme with two trans-

mit and one receive antenna employing standard BPSK modulation. Because orthogonal

transmit diversity degrades performance by 3dB from the optimal transmit/receive di-

versity scheme like MRC, the proposed scheme outperforms Alamouti’s scheme, [53] at

high interuser SNR, e.g., the dSNR = 20dB case.

In summary, we show that the derived analytical lower bound of the BEP follows

the simulated BEP (Pe ≈ PL
e ). In addition, the results indicate that the diversity gain

achieved by the proposed scheme increases with the interuser channel quality.
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3.3 Diversity Gain and Coding Gain

In the previous section, we studied the effects of the interuser channel on the performance

of the proposed scheme in which the diversity gain achieved by the system increases with

the interuser channel quality. An alternative way to characterize the performance is to

plot the diversity gain and coding gain4 for specified channel conditions. This will help

us to know the range of interuser channel quality of interest for a better cooperation.

3.3.1 Derivation ofPe at High SNR

By considering high SNR for both interuser and user-to-BS transmissions (γ̄1 À 1,

γ̄2 À 1,γ̄1,2 À 1), (3.16) can be approximated by

PMRC ≈ 3

4γ̄1γ̄2

(3.35)

and (3.30) by

PL
dMRC ≈

γ̄2

γ̄1 + γ̄2

+
γ̄1 − γ̄2

(γ̄1 + γ̄2)2
. (3.36)

Further, the interuser BEP given by (3.32) reduces to

P1,2 ≈ 1

2γ̄1,2

. (3.37)

Based on the high SNR approximations (3.35), (3.36) and (3.37), the BEP of the

proposed scheme given by (3.33) can be written as

PL
e ≈ 1

2γ̄1,2

γ̄2

γ̄1 + γ̄2

+
3

4γ̄1γ̄2

+
1

2γ̄1,2

γ̄1 − γ̄2

(γ̄1 + γ̄2)2
− 1

2γ̄1,2

3

4γ̄1γ̄2

≈ Pe.

(3.38)

The asymptotic behavior of the BEP versusγ̄1 curve is dominated by the first term of

(3.38) even though the remaining terms provide higher order diversity. The average bit

4The term coding gain is used here to represent any system gain, e.g., modulation, not necessarily

channel coding.
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error probability of the proposed system is of the form given in [56] and [64] and can be

approximated by

Pe ≈ (Gcγ̄1)
−Gd , (3.39)

whereGd is the variable diversity gain andGc is the coding gain. A similar study is

given in [45] for non-regenerative cooperative diversity systems. From (3.38),Gd can be

written as

Gd =





k γ̄1,2 < γ̄2
1

2 γ̄1,2 ≥ γ̄2
1

, (3.40)

andGc as

Gc =





[
l

2(1+l)
+ 3

4lγ̄2−k
1

+ 1−l
2(1+l)2γ̄1

− 3
8lγ̄2

1

]− 1
k

γ̄1,2 < γ̄2
1[

3
4l

+ l

2(1+l)γ̄k−2
1

+ 1−l

2(1+l)2γ̄k−1
1

− 3
8lγ̄k

1

]− 1
2

γ̄1,2 ≥ γ̄2
1

(3.41)

wherek = logγ̄1
γ̄1,2 andl = γ̄2

γ̄1
.

Whenγ̄1 = γ̄2, the proposed scheme exhibits similar channel characteristics towards

the BS. The BEP is approximately given by

Pe ≈ 1

4γ̄1,2

+
3

4γ̄2
1

− 3

8γ̄1,2γ̄2
1

. (3.42)

The coding gain,Gc, reduces to

Gc =





[
1
4

+ 3

4γ̄2−k
1

− 3
8γ̄2

1

]− 1
k

γ̄1,2 < γ̄2
1[

3
4

+ 1

4γ̄k−2
1

− 3
8γ̄k

1

]− 1
2

γ̄1,2 ≥ γ̄2
1

(3.43)

3.3.2 Numerical Results

The achieved diversity gain and coding gain are plotted in Fig. 3.7 as a function ofk,

with l as a parameter. The diversity gain increases linearly withk until k = 2. After

that, it remains constant at two. On the other hand, the coding gain decreases withk
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Figure 3.7: Coding gain and diversity gain achieved by the scheme at high SNR for

various interuser and user 2 to BS channel conditions.

until k = 2. Afterward, it increases slightly and saturates to the coding gain of the MRC

scheme. From Fig. 3.7, we observe that the performance improvement is not significant

whenk > 2. This is more clearly shown in the Fig. 3.8 where the BEP performance

is plotted as a function ofk for various values ofl. The performance of the proposed

cooperative diversity system is worse than that of the direct transmission whenk < 1.

From these observations, we conclude thatk should be in the range between 1 and 2 for a

beneficial cooperation. Due to the interuser channel errors, a system withl > 1 performs

better at higher values ofk (approximately greater than 1.6) and a system withl < 1

performs better at lower values ofk. In conclusion, for cooperation to be worthwhile,

the quality of the interuser channel should be better than that of the user to BS channel.
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Figure 3.8: BEP of the proposed scheme at high SNR for various interuser and user 2 to

BS channel conditions.

3.4 Cooperative Region

To achieve a specified diversity gain or BEP, it is necessary to know the geographical

region within which the partner has to be located in order to cooperate. In this section,

we derive a cooperative region of the proposed cooperative diversity scheme that yields

specified SNR gain over a non-cooperative scheme (direct transmission scheme).

3.4.1 Analytical Derivation

The path losses are dependent on the distance between the transmitter and the receiver

as well as on the propagation environment. There are many path loss models reported in

the literature and several of these are given in [58]. We consider the log-distance path

loss model in our analysis:

σ2
i,j ∝ d−α

i,j , (3.44)
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wheredi,j is the distance betweeni andj andα is the path loss exponent [58]. Since

γ̄i = σ2
i,B(Eb/N0), from (3.44),

γ̄i =

(
d0

di,B

)α

γ̄0 (3.45)

where γ̄0 = (Eb/N0)E|h0|2 is the average SNR at the reference distanced0 and h0

is a fading coefficient with unity variance, i.e.,σ2
0 = 1. Without loss of generality,

consideringuser 1located at the reference point, (3.45) can be written as

γ̄2 =

(
d1,B

d2,B

)α

γ̄1. (3.46)

Similarly,

γ̄1,2 =

(
d1,B

d1,2

)α

γ̄1. (3.47)

Substituting (3.46) and (3.47) in (3.38) yields

Pe ≈ 1

4

(
1 +

√
γ̄1

Rα
1,2 + γ̄1

)[ (
Rα

2,B

Rα
2,B − 1

) (
1−

√
γ̄1

2 + γ̄1

)
+

(
1

1−Rα
2,B

)

(
1−

√
γ̄1

2Rα
2,B + γ̄1

)]
+

1

2

(
1−

√
γ̄1

Rα
1,2 + γ̄1

) [(
1

Rα
2,B + 1

)

+
1

2

(
Rα

2,B − 1

Rα
2,B + 1

)(
Rα

2,B

Rα
2,B + 1

)(
1−

√
γ̄1

2 + γ̄1

) ]
+

1

4

(
1−

√
γ̄1

Rα
1,2 + γ̄1

)

(
Rα

2,B − 1

Rα
2,B + 1

) (
1

1 + Rα
2,B

) (
1−

√
γ̄1

2Rα
2,B + γ̄1

)

(3.48)

whereR2,B =
d2,B

d1,B
andR1,2 = d1,2

d1,B
are normalized distances.

For a given BEP, define the cooperative diversity energy gain,Gcd, as

Gcd =
γ̄nc

i

γ̄i

(3.49)

whereγ̄nc
i is the average SNR of the non-cooperative diversity scheme to achieve the

same bit error probability as the cooperative diversity scheme.
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Figure 3.9: Cooperative region of the proposed scheme for various SNR gain over direct

transmission whenPe = 10−2 andα = 3 (urban area).

3.4.2 Numerical Results

The geographical area within which the partner has to be located in order to have a

successful cooperation is called the cooperative region. The cooperative region should

be known to all users as well as to the BS. To plot the cooperative region, we fix the

location of the source and destination at a unit distance apart (d1,B = 1). Furthermore,

the Cartesian coordinates of the source, destination and the partner are represented by

(0,0), (1,0) and (x, y), respectively. Therefore, to achieve the givenGcd, the contour of

the partner is bounded by

R2,B =
√

(x− 1)2 + y2 (3.50)

and

R1,2 =
√

x2 + y2. (3.51)

Substituting (3.49), (3.50) and (3.51) in (3.48) yields a function of contour in terms ofx

andy with Pe, γ̄nc
i ,Gcd andα as parameters.
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Figure 3.10: Cooperative region of the proposed scheme for various path loss coefficient

α whenPe = 10−2 andGcd = 7dB.

In Fig. 3.9, cooperative regions are drawn for various SNR gains over non-cooperative

transmission to achieve aPe = 10−2 whenα = 3. The cooperative region shrinks when

the SNR gain increases and is located nearer to user 1 (sender) rather than the BS (des-

tination). This is due to the fact that the interuser channel should be better than the

channel between the user and the BS. In addition, similar cooperative regions for various

path loss exponents,α, are compared in Fig. 3.10, wherePe = 10−2 andGcd = 7dB.

The cooperative region expands in both the x and y directions and moves towards the

destination whenα increases. Since the cooperative region increases withα, the maxi-

mum achievableGcd by the scheme also increases. These results will help us to design

an algorithm to choose a cooperative partner and to manage the cooperation handoff with

the interaction of higher layer protocols.
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3.5 Summary

A bandwidth and power efficientfixed regenerate and forwardcooperative diversity

scheme is proposed based on quadrature signaling. The proposed scheme is simple and

can easily be switched between the cooperative and the non-cooperative modes of opera-

tion. The diversity gain achieved and the bit error performance of the proposed coopera-

tive diversity scheme can be improved as the interuser channel signal strength increases.

In addition, the range of interuser signal strength of interest is also identified for a better

cooperation. Finally, a cooperative region is derived for a specified BEP and SNR gain

over the NCD scheme.

In fixed CD systems, the partner forwards the information without any error check-

ing. This may lead to error propagation and reduces the overall system performance.

To overcome this problem, we propose a CD system based on adaptive relaying at the

partner in the next chapter.
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Chapter 4

Adaptive Cooperative Diversity System

In contrast to fixed-relaying-based CD systems, adaptive relaying at the partner can pro-

vide more diversity gain without the constraint that the interuser channel should be better

than the source-to-destination channel at the expense of increased device and signaling

complexity. In this chapter, we consider anadaptive regenerate and forwardQS-CD sys-

tem which employs cyclic redundancy checksum (CRC) in the partner’s device to check

the correctness of the received frame before making a decision whether or not to regen-

erate and forward1. The asymptotic behavior of the bit error probability of the proposed

scheme is derived for QAM modulation as a function of the received SNR at the relay

and at the destination. The tightness of the derived analytical upper bound of BEP is

validated using simulation.

The major contributions of this chapter are (i) the proposal of adaptive relaying of the

sender signal by the cooperating partner in a quadrature signaling based regenerate and

forward CD systems, and (ii) the derivation of an analytical upper bound of the BEP that

1With error detection only, the partner forwards only when no error is detected. If channel coding were

used at the transmitter, then forward error correction to implement adaptive regenerate and forward would

be more efficient than the simple CRC. In our case, we do not use channel coding, so error detection using

CRC is employed and assumed that CRC perfectly detects the bit error.
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shows its degree of tightness. The proposed CD system has the following advantages in

implementations.

• Minimal modification over existing point-to-point systems (adaptive modulation

system)

• Interuser channel can be estimated using the previously transmitted frame(s) when

it is relayed to destination by the partner.

• The partner is not aware of the end-to-end link level ARQ scheme, which is studied

in detail in the next chapter.

The rest of the chapter is organized as follows. Section 4.1 describes the transmission

model under consideration. Section 4.2 analyzes the performance of the proposed CD

system and numrical results are given in Section 4.3. Finally, the chapter is summarized

in section 4.4.

4.1 Transmission Model

We consider an M-QAM signaling cooperative diversity scheme in which a mobile user

(the sender) cooperates with another mobile user (the partner) to transmit signals in the

uplink of an infrastructure based network. Similar to the fixed CD system in Chapter 3, in

each cooperative mobile device, both its own and its partner’s signals are simultaneously

transmitted using quadrature signaling. Instead of QPSK modulation, we are concerned

with the transmissions of M-QAM signals in this chapter. The base station and each of

the mobile devices has a single antenna, so, the cooperative diversity scheme emulates

a “two-input one-output" (2I1O) situation. The signals transmitted by the sender and

relayed by the partner are combined at the BS receiver using maximal ratio combining.

The transmission frame format of the M-QAM modulation scheme is shown in Fig.

4.1(a), with the signal constellation of 4PAM/16-QAM modulation shown in 4.1(b). In
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Figure 4.1: (a) Frame transmission format and (b) signal constellation of 4-PAM/16-

QAM using quadrature signaling

quadrature signaling, we assign the in-phase channel touser 1and the quadrature chan-

nel to user 2. Fig. 4.1(a) shows frames of information symbols transmitted byuser 1

in multiple accesschannel 1and byuser 2 in multiple accesschannel 2. In the first

frame interval of a cooperative session, each user transmits its own information only.

In successive frame intervals, each user transmits not only its own information but also

the regenerated version of the partner’s information received in the previous frame in-

terval. But, in the last frame interval of the cooperation session, each user transmits the

regenerated version of the partner’s information only. Sinceuser 1anduser 2use the

in-phase and the quadrature components of the M-QAM modulation, respectively, each

user equivalently employs I-PAM modulation, whereI =
√

M . In the uplink receiver of

50



both users, the in-phase and quadrature components are demodulated separately and the

detected and regenerated partner’s frame is forwarded to the BS if the frame is detected

error free.

Throughout the chapter, we assume that the interuser and the user-to-BS channels

exhibit flat Rayleigh fading, and that the two channels are independent of each other,

static over a frame interval, and change independently from frame to frame. We suppose

that, each frame is comprised ofNS symbols. In addition, it is assumed that channel

state information (channel fading coefficient) is available at the respective receivers to

demodulate the signals and proper synchronization has been established.

At the BS, the signals received from both users are combined using MRC as shown

in Fig. 3.3. To decode the information ofuser 1, the received signal fromchannel 1

is delayed by one frame interval and combined with the received signal fromchannel

2 at the MRC. Similarly, to decode the information ofuser 2, the received signal from

channel 2is delayed by one frame interval and combined with the received signal from

channel 1. The output of the MRC is sent to a decision device which converts it to a

binary format.

Let the baseband equivalent received signals fromuser i, i = 1, 2, at the BS be

denoted asri,B(t). Similarly,user i’s uplink signal received byuser j, j = 1, 2 andi 6= j,

is denoted asri,j(t). From the transmission model,ri,B(t) andri,j(t) can be written as:

ri,B(t) = hi,B(t)si(t) + ηi,B(t)

ri,j(t) = hi,j(t)si(t) + ηi,j(t),
(4.1)

where the channel fading coefficient between useri and the BS is denoted byhi,B(t)

and that from useri to userj by hi,j(t). When the interuser channel is symmetric,

hi,j(t) = hj,i(t). The processesηi,B(t) andηi,j(t) are additive noise at the respective

receivers and modelled as zero mean circularly symmetric, complex Gaussian distributed

with varianceN0/2 per dimension, whereN0 is the one-sided power spectral density of

white Gaussian noise.si(t), chosen from the M-QAM signal constellation in a similar
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manner that shown in Fig. 4.1(b), is the transmitted signal fromuser i. Therefore,

s1(t) and s2(t) can be written ass1(t) =
√

log2M · Eb/2(a1(t) + jā2(t − Tf )) and

s2(t) =
√

log2M · Eb/2(ā1(t − Tf ) + ja2(t)), whereai(t) is the I-PAM information

symbol ofuser iandāi(.) is the corresponding reproduced symbol at the partner.Tf is

the frame duration andEb is the energy spent for a bit using NCD transmission. To have

a power consumption equal to that of an NCD system, the CD system equally shares the

power in transmitting the user’s and the partner’s information bits at each mobile device.

If each user relays the partner’s information, the signals received at the BS from

both user channels are combined using MRC and decoded using the ML rule [63]. The

decoded symbols are given by

ã1 = arg min
ā1εSI

{
<{h∗1,B(t− Tf )r1,B(t− Tf ) + h∗2,B(t)r2,B(t)}

− (|h1,B(t− Tf )|2 + |h2,B(t)|2)ā1

}

ã2 = arg min
ā1εSI

{
={h∗2,B(t− Tf )r2,B(t− Tf ) + h∗1,B(t)r1,B(t)}

− (|h1,B(t)|2 + |h2,B(t− Tf )|2)ā2

}
,

(4.2)

where the notations<{Z} and={Z} denote the real and the imaginary parts of the

complex numberZ, respectively.SI is the set of I-PAM information symbols.

4.2 Performance Analysis

The performance measures of the CD system described in Section 4.1 are the interuser

frame error probability,PFEP , the BEP at the output of the MRC,PMRC , when the

partner helps, and the BEP of the MRC output,PNH , when the partner does not help. In

addition, we also present the BEP of the NCD (conventional I-PAM) system from [57].

Finally, analytical and simulation results are presented to demonstrate the tightness of

the analytical upper bound and to study the performance characteristics of the proposed

CD system.
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Since the roles of sender and partner in quadrature signaling are interchangeable, in

the derivations to follow we consideruser 1as the sender anduser 2as the partner.

4.2.1 Average Interuser frame error probability (PFEP )

We consider pairwise error probability of a frame transmitted by the sender and received

by the partner where each frame consists ofNS symbols. A pairwise error occurs if there

is a symbol error in a frame. Using the approach proposed in [57], the PEP between

the transmitted frameX and the received framêX, conditional on the channel fading

coefficient,H = [h1,2(1)h1,2(2)....h1,2(NS)]T , of I-PAM transmission is given by

P (X −→ X̂|H)

=
1

I log2 I

log2 I∑
m=1

(1−2−m)I−1∑
i=0

λ(I, m, i)

× Q


(2i + 1)

√√√√ 3 log2 I.Eb

4(I2 − 1)N0

NS∑
n=1

∣∣∣h1,2(n) (x(n)|m − x̂(n)|m)
∣∣∣
2


 (4.3)

wherex(n)|m andx̂(n)|m are respectively the transmitted and receivedmth bit of thenth

I-PAM modulated symbols of a frame. The parameterλ(I, m, i) = (−1)b
i.2m−1

I
c(2m−1−

b i.2m−1

I
+ 1

2
c), where the symbolb·c denotes the integer greater than or equal to its argu-

ment. For a quasi-static fading channel,h1,2(n) = h1,2. Let γ̄1,2 = Eb

N0
E{|h1,2|2} be the

interuser signal-to-noise ratio where E{.} is the expectation operator. The PEP can be

derived by averaging the conditional PEP overh1,2 [65]:

P (X −→ X̂) =
1

I log2 I

log2 I∑
m=1

(1−2−m)I−1∑
i=0

λ(I, m, i)

×
(

1−
√

3 log2 I.(2i + 1)2Ne|mγ̄1,2

2(I2 − 1) + 3 log2 I.(2i + 1)2Ne|mγ̄1,2

)
(4.4)
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whereNe|m is the number of symbol errors in a frame due to error in themth bit of the

symbol. Therefore, the frame error probability (FEP),PFEP , can be written as

PFEP ≤
∑
X

P (X)
∑

X 6=X̂

P (X −→ X̂)

=
1

I log2 I

log2 I∑
m=1

(1−2−m)I−1∑
i=0

λ(I,m, i)

×
NS∑

Ne|m=1

(
1−

√
3 log2 I.(2i + 1)2Ne|mγ̄1,2

2(I2 − 1) + 3 log2 I.(2i + 1)2Ne|mγ̄1,2

)
.

(4.5)

For the case of 2-PAM modulation,I is equal to 2. So, them takes the value of 1 and

i takes value of 0 only. By substitutingI, m andi in (4.5),PFEP of a 2-PAM system can

be written as

PFEP ≤
NS∑

Ne|m=1

1

2

(
1−

√
γ̄1,2Ne|m

2 + γ̄1,2Ne|m

)
. (4.6)

Similarly, the interuser FEP for 4-PAM systems can be written as

PFEP ≤
NS∑

Ne|m=1

1

8

(
4− 3

√
γ̄1,2Ne|m

5 + γ̄1,2Ne|m

− 2

√
9̄γ1,2Ne|m

5 + 9̄γ1,2Ne|m
+

√
¯25γ1,2Ne|m

5 + 25γ̄1,2Ne|m

)
.

(4.7)

4.2.2 Average BEP of CD system of I-PAM when the partner helps

In this subsection, we derive the BEP,PMRC , when the relay forwards the information.

First, we derive the analytical expression for the probability of error,Pm, for bit m,

m = 1, 2, ..., log2 I for I-PAM when the partner helps in the cooperation. The conditional

probability of error for bitm, Pm(h1,B, h2,B), can be written using the Log-likelihood
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ratio (LLR) method of [66]:

Pm(h1,B, h2,B) =

(1−2−m)I−1∑
i=0

λ(I, m, i)

I

×Q

(
(2i + 1)

√
3 log2 IEb

4(I2 − 1)N0

(|h1,B|2 + |h2,B|2)
)

.

(4.8)

So, the conditional bit error probability of the CD system, which is equivalent to maximal

ratio combining for an I-PAM system, can be written as

PMRC(h1,B, h2,B) =

log2 I∑
m=1

(1−2−m)I−1∑
i=0

λ(I, m, i)

I log2 I

×Q

(
(2i + 1)

√
3 log2 IEb

4(I2 − 1)N0

(|h1,B|2 + |h2,B|2)
)

.

Defineγ̄1 = σ2
1,B

Eb

N0
andγ̄2 = σ2

2,B
Eb

N0
, whereσ2

1,B = E{|h1,B|2} andσ2
2,B = E{|h2,B|2}.

Based on the signal-to-noise ratiosγ̄1 andγ̄2, we can derive the unconditional probability

of errorPMRC .

4.2.2.1 Similar Uplink channel (γ̄1 = γ̄2)

Assume that E{|h1,B|2} and E{|h2,B|2} are equal. ThePMRC of (4.9) is given as [63],

PMRC =
1

I log2 I

log2 I∑
m=1

(1−2−m)I−1∑
i=0

λ(I,m, i)

(
1− µ1(I, i)

2

)2

(2 + µ1(I, i)) (4.9)

whereµ1(I, i) =
√

3 log2 I.(2i+1)2γ̄1

2(I2−1)+3 log2 I.(2i+1)2γ̄1
.

For a 2-PAM system, thePMRC can be written as

PMRC = (2 + µ1(2, 0))

[
1

2
(1− µ1(2, 0))

]2

=

(
2 +

√
γ̄1

2 + γ̄1

) [
1

2

(
1−

√
γ̄1

2 + γ̄1

)]2

.

(4.10)
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which is equivalent to ( [78], (8)). Similarly, for a 4-PAM system,PMRC can be obtained

as

PMRC =
1

4

{
3

4
(1− µ1(4, 0))2 (2 + µ1(4, 0)) +

1

2
(1− µ1(4, 1))2 (2 + µ1(4, 1))

− 1

4
(1− µ1(4, 2))2 (2 + µ1(4, 2))

}
. (4.11)

4.2.2.2 Dissimilar Uplink channel (γ̄1 6= γ̄2)

Assume that E{|h1,B|2} is not equal to E{|h2,B|2}. The unconditional error probability

of (4.9) is given by

PMRC =
1

I log2 I

log2 I∑
m=1

(1−2−m)I−1∑
i=0

λ(I, m, i)

×
[

γ̄1

γ̄1 − γ̄2

(1− µ1(I, i)) +
γ̄1

γ̄1 − γ̄2

(1− µ2(I, i))

] (4.12)

whereµ2(I, i) =
√

3 log2 I.(2i+1)2γ̄2

2(I2−1)+3 log2 I.(2i+1)2γ̄2
.

By substituting I=2 for a 2-PAM system, thePMRC can be written as

PMRC =
1

2

[
γ̄1

γ̄1 − γ̄2

(1− µ1(2, 0)) +
γ̄2

γ̄2 − γ̄1

(1− µ2(2, 0))

]

=
1

2

[
γ̄1

γ̄1 − γ̄2

(
1−

√
γ̄1

2 + γ̄1

)
+

γ̄2

γ̄2 − γ̄1

(
1−

√
γ̄2

2 + γ̄2

)] (4.13)

which is equivalent to ( [78], (7)). Similarly for a 4-PAM system, thePMRC can be

obtained as

PMRC =
1

8

{
γ̄1

γ̄1 − γ̄2

(4− 3µ1(4, 0)− 2µ1(4, 1) + µ1(4, 2))

+
γ̄2

γ̄2 − γ̄1

(4− 3µ2(4, 0)− 2µ2(4, 1) + µ2(4, 2))

}
. (4.14)
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4.2.3 Average BEP of cooperation scheme of I-PAM when the part-

ner does not help

In this subsection, we derive the analytical expression for the probability of error,PNH ,

for I-PAM signaling when the partner does not help in forwarding the information in the

cooperation. ThePNH can be written as

PNH =
1

I log2 I

log2 I∑
m=1

(1−2−m)I−1∑
i=0

λ(I,m, i)(1− µ1(I, i)). (4.15)

For the case of 2-PAM and 4-PAM systems, thePNH can be written as

PNH =
1

2

(
1−

√
γ̄1

2 + γ̄1

)
(4.16)

and

PNH =
1

8
(4− 3µ1(4, 0)− 2µ1(4, 1) + µ1(4, 2)), (4.17)

respectively.

4.2.4 Average BEP of the CD system

From the above derivation, the average BEP of the CD system,Pe, can be written as

Pe = (1− PFEP )PMRC + PFEP PNH . (4.18)

By substituting (4.5), (4.9) or (4.12) and (4.15) into (4.18), the BEP can be written for

similar and dissimilar channel towards the BS.

For the CD system with 4-QAM signaling i.e., 2-PAM per user, by substituting (4.10)

or (4.13) and (4.16) into (4.18), the BEP can be written for similar and dissimilar channel

towards the BS as

Pe = (1− PFEP )

(
2 +

√
γ̄1

2 + γ̄1

)[
1

2

(
1−

√
γ̄1

2 + γ̄1

)]2

+ PFEP
1

2

(
1−

√
γ̄1

2 + γ̄1

) (4.19)
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and

Pe = (1− PFEP )
1

2

[
γ̄1

γ̄1 − γ̄2

(
1−

√
γ̄1

2 + γ̄1

)
+

γ̄2

γ̄2 − γ̄1

(
1−

√
γ̄2

2 + γ̄2

)]

+ PFEP
1

2

(
1−

√
γ̄1

2 + γ̄1

)
,

(4.20)

respectively. By substituting (4.11) or (4.14) and (4.17) into (4.18), a closed-form so-

lution can be derived for the BEP of the 16-QAM adaptive CD system for similar and

dissimilar channels towards the BS as

Pe = (1−PFEP )
1

4

{
3

4
(1− µ1(4, 0))2 (2 + µ1(4, 0))+

1

2
(1− µ1(4, 1))2 (2 + µ1(4, 1))

− 1

4
(1− µ1(4, 2))2 (2 + µ1(4, 2))

}

+ PFEP
1

8
(4− 3µ1(4, 0)− 2µ1(4, 1) + µ1(4, 2)), (4.21)

and

Pe = (1− PFEP )
1

8

{
γ̄1

γ̄1 − γ̄2

(4− 3µ1(4, 0)− 2µ1(4, 1) + µ1(4, 2))

+
γ̄2

γ̄2 − γ̄1

(4− 3µ2(4, 0)− 2µ2(4, 1) + µ2(4, 2))

}

+ PFEP
1

8
(4− 3µ1(4, 0)− 2µ1(4, 1) + µ1(4, 2)), (4.22)

respectively.

4.2.5 Average BEP of non-cooperative system

In this chapter, NCD system are referred to the conventional direct communication sys-

tem between user-to-destination. NCD system uses standard I-PAM modulation with bit

energy equal toEb.
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The average BEP of the non-cooperative system is given by [57]:

PNC =
1

I log2 I

log2 I∑
m=1

(1−2−m)I−1∑
i=0

λ(I, m, i)(1− µ̂1(I, i)), (4.23)

whereµ̂1(I, i) =
√

3 log2 I.(2i+1)2γ̄1

(I2−1)+3 log2 I.(2i+1)2γ̄1
.

4.3 Numerical Results

In this section, we present numerical results to demonstrate the performance of the pro-

posed CD system. The BEP is evaluated analytically and via simulation. In our simu-

lation, a frame consisting of 128 information symbols is transmitted through a Rayleigh

flat fading channel. In a cooperative session, 100 frames are considered. The noise is as-

sumed to be a zero mean complex Gaussian process with varianceN0/2 per dimension.

The channel is also considered as slow fading that remains constant over a frame interval.

We assume that the fading channel coefficients is available at the respective receivers for

decoding the received signal.

4.3.1 BEP of the CD system with dissimilar channel towards the BS

The BEPs as a function of user 1’s SNR of the proposed CD system with 4-QAM/QPSK

for dissimilar channels are plotted in Fig. 4.2. Here,γ̄2 is fixed at 15dB and̄γ1 varies

from 0 to 30 dB for the cases in which the ISNR areγ̄1,2=15dB and 30dB. The proposed

CD system provides better bit error performance not only for user 1 but also for the

stronger user 2 over the NCD system (standard BPSK) for ISNR=15dB. Furthermore,

the BEP of the CD system gradually decreases when ISNR increases, i.e., ISNR=30dB.

In addition, Fig. 4.2 shows that the analytical results for upper bound virtually coincide

with the simulation results. This is because the difference between the exact FEP and the

upper bound of FEP is insignificant in the calculation of the overall BEP.
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Figure 4.2: Bit error probability of the CD system with 4-QAM/QPSK for dissimilar

channel towards BS (SNR2 = 15dB)

The simulation and analytical results of the proposed CD system for 16-QAM are

given for ISNR=15dB and 30dB, respectively in Figs. 4.3 and 4.4. For the NCD system,

4-PAM modulation is considered. For the curve shown in Fig. 4.3,γ̄2 is fixed at 15dB

and γ̄1 varies from 0 to 30 dB. It can be seen that the BEP of both users is enhanced

significantly by the proposed scheme. This means that cooperation enhances not only

the performance of the user far away from the BS but also the user near to the BS. In

addition, the BEP improves with the interuser channel quality, as shown in Fig. 4.4 for

ISNR=30dB. Thus, the BEP performance of the proposed scheme improves as the ISNR

increases. For ideal cooperation (assuming that the partner’s information is perfectly

decoded), the performance of the proposed scheme is the same as that of the conventional

MRC scheme with one transmitting and two receiving antennas. For the CD system with

16-QAM, the BEP upper bound is very close to the simulation results.
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Figure 4.3: Bit error probability of the CD system with 16-QAM for dissimilar channel

towards BS (SNR2 = 15dB)

From all of the above figures, we can observe that the error floor for user 2 due toγ̄2

is fixed at 15dB. The level of the error floor is a function of the interuser channel quality,

e.g.,3.6× 10−3 when ISNR=15dB, and2× 10−4 when ISNR=30dB in Fig. 4.2.

4.3.2 BEP of the CD system with similar channel towards the BS

In the case of similar channel towards the BS (γ̄1 = γ̄2), both users experience the same

BEP as shown in Figs. 4.5 and 4.6. In Fig. 4.5, the BEPs of the proposed scheme with 4-

QAM/QPSK for various ISNR are compared with those of the non-cooperative diversity

scheme and the ideal cooperation scheme. The BEP performance of the CD system with

16-QAM and similar channel towards the BS is plotted in Fig. 4.6. The proposed scheme

gives a 2 dB gain over the non-cooperative diversity scheme when ISNR is 10 dB. When

ISNR increases, the BEP decreases. Furthermore, the CD system achieves diversity order
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Figure 4.4: Bit error probability of the CD system with 16-QAM for dissimilar channel

towards BS (SNR2 = 30dB)

of two when ideal cooperation takes place; similar performance can be achieved when

ISNR is 30 dB. In contrast to the fixedregenerate and forwardCD system in Chapter

3, it is observed that cooperation is beneficial even when the interuser channel is worse

than the channel between the user and the BS.

4.4 Summary

An adaptiveregenerate and forwardCD system using quadrature signaling to send M-

QAM signals is proposed and analyzed. The bit error performance of the scheme has

been evaluated analytically and via simulation for 4-QAM/QPSK and 16-QAM modula-

tions. Numerical results show that the derived analytical upper bound is quite tight. The

derived analytical upper bound of the BEP follows the simulated BEP and the proposed
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Figure 4.5: Bit error probability of the CD system with 4-QAM/QPSK for similar chan-

nel towards BS

CD system exhibits a similar behavior regardless of the size of the QAM signal constel-

lation. Thus, the proposed CD system can achieve similar BEP performance for higher

order QAM modulation. In addition, the performance of the proposed scheme can be

improved when the interuser channel signal strength increases and the proposed scheme

can achieve maximum diversity order of two. Furthermore, the cooperation is beneficial

not only for a user far from the BS but also for a user near the BS. In contrast to a fixed

CD system, the proposed CD system performs better than an NCD system even when the

interuser channel is worse than the user to BS channel.
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Chapter 5

Cross-Layer Performance Study of

Cooperative Diversity System with

ARQ

5.1 Introduction

In the previous chapters, we studied the performance of the CD systems at the bit level

(physical layer) and assumed the communication channel is independent from one frame

to the next frame. In reality, the channel is time-selective. This leads to burst frame error

when the channel exhibits deep fading. The burst frame errors impacts the performance

in the upper layer. It could be mitigated by automatic repeat request schemes. So, in this

chapter, we jointly study the CD system at the physical layer with the ARQ scheme for

time selective cooperative channels.

As mentioned earlier, adaptive relaying can be selection or incremental. Selection

relaying forwards if the frame of information bits received is error free which can be

done by error detecting codes such as CRC. On the other hand, in incremental relaying,
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the partner forwards the information if any request is made from the destination and

received frame is error free.

From an information theoretic point of view, incremental relaying is more bandwidth

efficient than that of selection relaying [7]. On the other hand, incremental relaying

has implementation problems in CD systems. If a transmission is requested by the des-

tination, the radio resources should be allocated for the partner-to-destination link for

short durations i.e., a period of a frame. Allocating radio resources such as multiple

access channel for short duration requires significant signaling overhead. Further, an

ARQ scheme is a must at the link level and all cooperating users should be aware about

the feedback from the destination. In contrast, for selection relaying, the partner-to-

destination channel could be assigned for long duration, which reduces the channel allo-

cation overhead. Even though the data link layer is equipped with ARQ, the partners do

not have to be aware of it; so this will reduce the signaling overhead and the complexity

at the partner’s device.

From the above, it is clear that there is a performance-complexity tradeoff among

the relaying schemes in CD systems. Therefore, it is important to thoroughly study and

understand the performance of a CD system with ARQ (CD-ARQ) in various wireless

network environments. However, there are limited studies on performance of CD-ARQ

schemes in the open literature [28–30]. In [28], cooperative energy gain of DSTBC-

CD-ARQ scheme is studied for incremental relaying with optimal power allocation and

delay constraints. However, the effects in the upper layers due to ARQ, such as packet

loss rate, average delay, jitter, etc., are not considered. Incremental relaying is applied for

DSTBC in [29]. The throughput of the system is analyzed with the assumption that ideal

synchronization is available at the destination. But, power allocation and code allocation

among the partners are not considered. In [30], a selection combining (SC) based CD-

ARQ (SC-CD-ARQ) scheme is developed for an ad-hoc network which selects only one

branch at the destination.
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In this chapter, a cross layer communication system, in which an adaptive QS-CD

at the physical layer and truncated stop-and-await ARQ at the link layer are combined,

is proposed. The proposed QS-CD-ARQ system is studied analytically by developing a

Markov model to capture the behavior of the Nakagami-m correlated fading among the

partners and partner-to-destination channels and compared with simulation. The perfor-

mance metrics such as channel efficiency, packet loss rate, throughput or average delay

and jitter are considered in the study and the proposed QS-CD-ARQ system is compared

with existing schemes in the literature that consider incremental relaying at the partner.

From the numerical results, we can observe that selection relaying outperforms incre-

mental relaying schemes when it has a good partner. The QS-CD-ARQ also exhibits the

robustness even if one channel is in deep fading. In addition, the proposed QS-CD-ARQ

system is less complex in terms of implementation compared with a system employing

incremental relaying.

The main contributions of the chapter are three-fold. First, we propose a QS-CD-

ARQ system employing selection relaying at the partner by considering the Nakagami-

m fading channels. Second, effects of user mobility is taken into account in the perfor-

mance analysis of the QS-CD-ARQ schemes. Third, DSTBC-ARQ, SC-CD-ARQ and

non-cooperative diversity ARQ (NCD-ARQ) systems are compared with the proposed

QS-CD-ARQ system under a generalized framework for correlated Nakagami-m fading

channels.

The remainder of the chapter is organized as follows. Sec. 5.2 introduces the pro-

posed QS-CD-ARQ system. The performance analysis of the QS-CD-ARQ system is

given in Sec. 5.3. Numerical results of the proposed system is presented in Sec. 5.4. In

Sec. 5.5, performance of the proposed system is compared with the existing CD-ARQ

systems. Finally, the chapter is concluded in Sec. 5.6.
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Figure 5.1: QS-CD-ARQ Scheme

5.2 Proposed CD-ARQ System

In this section, we propose the QS-CD-ARQ system by combining adaptive QS-CD sys-

tem at the physical layer with truncated stop-and-wait ARQ at the data link layer.

5.2.1 System Description

Consider the adaptive QS-CD system proposed in Chapter 4. Theuser 1(sender) broad-

casts the frame of bits to the destination anduser 2(partner) in multiple accesschannel

1. user 2detects the signal fromuser 1and decodes the frame of bits to check the cor-

rectness of the bits using CRC. According to the selection relaying mechanism, if the

received frame is error free,user 2forwards the information in multiple accesschannel

2. At the BS, the signals fromuser 1anduser 2are combined using MRC and decodes

the frame. The correctness of the frame is checked using CRC. If the frame is error

free, an acknowledgement (‘ACK’) message is sent touser 1. Otherwise, a negative ac-

knowledgement (‘NAK’) message is sent touser 1. If user 1receives ‘NAK’, he/she

retransmits the frame if the number of retransmission does not exceed the maximum

retry limit (Nmax
r ). In this protocol,user 2is not aware about feedback from the desti-

nation. This reduces the complexity of the partnering device. Details of the protocol is

described in Table I. The graphical representation is given in Fig. 5.1. In non-cooperative

transmission,Eb1 andEb2 are the bit-energies spent byuser 1anduser 2, respectively.
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In cooperative transmission, the energy spent by each user to transmit own information

is ES
bi and energy spent for partner’s information is equalER

bi . For a fair comparison,

Ebi = ES
bi + ER

bi .

For the regenerate and forward mode, it is easy to make decision on frame error at the

partner and the BS using CRC. In order to facilitate the performance study at a high level

independent of the underlying channel coding and modulation schemes, frame error is

decided by a signal-to-noise ratio threshold (SNRT ). SNRT is the minimum received

SNR required for receiving a frame correctly. Thus, if the received SNR is below the

threshold, the received frame is considered to be erroneous and dropped.

5.2.2 Nakagami fading channel

The channels betweenuser 1anduser 2, {1,2}, user 1and BS, {1,BS}, anduser 2and

BS, {2,BS}, are assumed to be Nakagami-m fading and constant over a frame duration.

But, the channel is time correlated among adjacent frames due to the Doppler effect, as

captured by Jake’s model. We also assume that channel state information is available at

the respective receivers.

The probability density function of the Nakagami-m distribution is given by [67]

f(h) =
2mmh2m−1

Γ(m)Ωm
exp−

mh2

Ω , (5.1)

whereh is the fading channel coefficient,m = E2[h2]/var(h2), Ω = E[h2] andΓ(m) =
∫∞
0

xm−1 exp−x dx is the Gamma function. The corresponding cumulative distribution

function (CDF) can be written as

F (h) =
γ(m,mh2/Ω)

Γ(m)
, (5.2)

whereγ(a, b) =
∫ b

0
ya−1 exp−y dy is the incomplete gamma function.
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Table 5.1: Protocol of QS-CD-ARQ
Sender (user 1) Retry counter of each frame is
initialized to zero.

1. A new frame is transmitted by user 1 to the BS
and user 2 in its own multiple access channel
( user 1 channel) with bit energy ES

b1 = Eb1/2.

2. In the next time slot,

(a) if the time slot is 2 or it receives a ‘ACK’,
go to 1).

(b) if the retry counter does not exceed the
maximum retry limit Nmax

R . the corrupted
(‘NAK’ received) frame is re-transmitted in
the user 1 channel with bit energy ES

b1 = Eb1/2,
retry counter is increased the by 1 and go to
2).

(c) Otherwise, the frame is dropped and go to 1).

Partner (user 2) If user 2 receives the frame
correctly, in the next time slot, received frame
is forwarded using user 2 channel with bit energy
ER

b2 = Eb2/2. Otherwise, user 2 remains silent.

Destination (BS) At end of each time slot from
second time slot, the message signal received from
user 1 and user 2 is combined by the BS using MRC.
Depending on the received frame correctness, an
‘ACK’ or a ‘NAK’ is sent in the feedback channel
to the source.
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The joint PDF ofh(t) andh(t + τ) is obtained as in [67]

f(h(t), h(t + τ)) =
4mm+1(h(t)h(t + τ))m

Γ(m)Ωm+1(1− ρ)ρm−1
(5.3)

× exp

( −m

1− ρ

[
h(t)2 + h(t + τ)2

Ω

])
(5.4)

×Im−1

(
2
√

ρmh(t)h(t + τ)

Ω(1− ρ)

)
(5.5)

whereρ is the correlation coefficient andIν denotesνth order modified Bessel function.

The joint CDF can be written, using the technique in [70], as

Fh(t),h(t+τ)(∆, ∆) = P (h(t) ≤ ∆, h(t + τ) ≤ ∆)

=
1

2
− 2

π

∫ π/2

0

=
{

ψ(−j tan θ)e−j∆2 tan θ
} 1

sin 2θ
dθ (5.6)

whereψ(s) = 22m+1Γ(2m)
Γ(m)Γ(m+1)

(A2(s)m)m

[(1+B(s))B(s)Ω]m 2F1

(
1−m, m; 1 + m; 1

2
− 1

2B(s)

)
. 2F1 is Gauss

hypergeometric function,A(s) = 1
s

√
m

2Ω(1−ρ)
andB(s) =

√
[sΩ(1−ρ)+2m]2−4ρm2

sΩ(1−ρ)
.

5.3 Performance analysis

In this section, performance analysis of the proposed QS-CD-ARQ system is derived

by modeling the system as a Markov process at frame level. The Markov process takes

physical layer parameters into account. From the Markov process, we derive the per-

formance metrics at the frame level and packet level where a packet from upper layer is

divided into frames at the data link layer.

5.3.1 Signal reception

To model the system as a Markov process, the characteristics of the received signal at the

partner’s device and the destination should be known. Therefore, in this subsection, the

signals at the individual receivers are given.
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5.3.1.1 Received signal by partner

The signal received byuser 2’s device at timet can be written as,

r1,2(t) =
√

ES
b1h1,2(t)s1(t) + η1,2(t) (5.7)

whereES
b1 is the bit energy spent byuser 1, h1,2 is the Nakagami fading channel co-

efficient betweenuser 1anduser 2(with parametersm1,2 andΩ1,2, maximum Doppler

frequency shift,f1,2), s1(t) is the transmitted symbol at timet by theuser 1, andη1,2(t) is

additive white Gaussian noise at theuser 2’s device with zero mean and two-sided power

spectral densityN0/2.

5.3.1.2 Received signal at the destination

The transmitted signals fromuser 1anduser 2traverse through two different Nakagami

fading channels. The received signals are combined by using MRC to attain diversity

gain. In a cooperative situation, the channels are non-identical but independently dis-

tributed (non-i.i.d.) due to unequal fading figures (m), signal power (Ω), or maximum

Doppler shifts (fd). The received signal at the BS can be written as

r1,B(t) =
√

ES
b1h1,B(t− Tf )s1(t− Tf ) + η1,B(t− Tf ) (5.8)

r2,B(t) =
√

ER
b2h2,B(t)s2(t) + η2,B(t) (5.9)

whereER
b2 is bit energy spent for relaying byuser 2, Tf is frame duration,ηi,B(t) is

additive white Gaussian noise at the BS with zero mean and two-sided power spectral

densityN0/2, h1,B andh2,B are the Nakagami fading channel coefficients of {1, BS}

(with parametersm1,B andΩ1,B, maximum Doppler frequency shift,f1,B) and {2, BS}

(with parametersm2,B andΩ2,B, maximum doppler frequency shift,f2,B), respectively.

Whenuser 2helps, the received signal power can be written in terms of received
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signal envelops from each user,r2
1,B(t) =

∑m1,B

k=1 r2
1,B,k(t) andr2

2,B(t) =
∑m2,B

k=1 r2
1,B,k(t),

R2(t) =

m1,B∑

k=1

r2
1,B,k(t) +

m2,B∑

l=1

r2
2,B,l(t) (5.10)

wherer2
1,B,k(t), k = 1..m1,B, andr2

2,B,l(t), l = 1..m2,B, are independent and exponen-

tially distributed withE{r2
1,B,k(t)} = Ω1,BES

b1 andE{r2
2,B,l(t)} = Ω2,BER

b2, respectively.

r2
1,B,k(t), andr2

1,B,k(t + τ), k = 1..m1,B, are correlated with correlation coefficient given

by

ρ1,B =
E{r2

1,B,k(t)r
2
1,B,k(t + τ)} − E{r2

1,B,k(t)}E{r2
1,B,k(t + τ)}√

var{r2
1,B,k(t)}var{r2

1,B,k(t + τ)}
(5.11)

for all k. Similarly we can write the correlation betweenr2
2,B,l(t), andr2

2,B,l(t + τ),

l = 1..m2,B as

ρ2,B =
E{r2

2,B,l(t)r
2
2,B,l(t + τ)} − E{r2

2,B,l(t)}E{r2
2,B,l(t + τ)}√

var{r2
2,B,l(t)}var{r2

2,B,l(t + τ)}
(5.12)

for all l.

From Jakes channel model,

ρ1,B = J2
0 (2πf1,BTf ) (5.13)

and

ρ2,B = J2
0 (2πf2,BTf ) (5.14)

whereJ0(.) is zeroth-order Bessel function of the first kind.

The output of the MRC with two Nakagami channel inputs can be effectively mod-

eled as a single Nakagami channel. So, the Equation (5.10) can be written as

R2(t) =

mC∑

k=1

r2
C,k(t) (5.15)

wherer2
C,k, k = 1..mC , are independent and exponentially distributed withE{r2

C,k(t)} =

ΩC . r2
C,k(t), andr2

C,k(t + τ), k = 1..mC , are correlated and the correlation coefficient is
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given byρC . ThemC , ΩC andρC can be derived as

mC = m1,B + m2,B, (5.16)

ΩC =

√√√√(m1,B + m2,B)

(
(ES

b1)
2Ω2

1,B

m1,B

+
(ER

b2)
2Ω2

2,B

m2,B

)
(5.17)

and

ρC =

(ES
b1)2Ω2

1,B

m1,B
ρ1,B +

(ER
b2)2Ω2

2,B

m2,B
ρ2,B(

(ES
b1)2Ω2

1,B

m1,B
+

(ER
b2)2Ω2

2,B

m2,B

) . (5.18)

In a situation where theuser 2does not help, the BS detects the signal as in a con-

ventional system which is similar to detection at theuser 2’s device. In this case, the

received signal power is

R2(t) = r2
1(t). (5.19)

5.3.2 Markov modelling

At the frame level, the channel is modelled as a Markov process. In this subsection, the

Markov modelling of non-cooperative and the cooperative systems are given.

5.3.2.1 Two state model of Nakagami fading channel

The received signal,R(t), is sampled once in each frame interval which is denoted as

R(nTf ) and it is assumed that channel does not change significantly in a frame duration,

Tf . A sampled process is modelled as a Gillbert-Elliot two-state discrete time Markov

process as shown in Fig. 5.2. If the received signal is below the threshold∆, the frame is

erroneous. Otherwise, the frame is error free. Therefore, the system can be categorized

as good, ‘G’, and bad, ‘B’ state if the received signal envelope falls into the regions,

(0,∆) and (∆, ∞), respectively. The system state is defined byS(n), n = 0, 1, 2, ...,

which takes value ‘G’ and ‘B’ for good and bad state, respectively.
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qBG

qGB

Figure 5.2: Two state Markov model

The transition probabilities of the Markov process can be given by

qGG = Prob(S(n) = G|S(n− 1) = G)

=
Prob(S(n) = G,S(n− 1) = G)

Prob(S(n− 1) = G)

=

∫∞
R1=∆

∫∞
R2=∆

f(R1, R2)dR1dR2∫∞
R1=∆

f(R1)dR1

(5.20)

and

qBB = Prob(S(n) = B|S(n− 1) = B)

=
Prob(S(n) = B,S(n− 1) = B)

Prob(S(n− 1) = B)

=

∫ ∆

R1=0

∫ ∆

R2=0
f(R1, R2)dR1dR2∫ ∆

R1=0
f(R1)dR1

(5.21)

whereR1 = R(t) andR2 = R(t + τ). Further,qGG andqBB can be simplified as

qGG =
1− 2F (∆) + F (∆, ∆)

1− F (∆)
(5.22)

and

qBB =
F (∆, ∆)

F (∆)
, (5.23)

respectively. Therefore, the transition probability matrix,T̄ , of the steady state Markov

process is given by

T̄ =


 qGG qGB

qGB qBB


 (5.24)

75



BBB

1

GGG

8

BGG

6

GBG

7

GGB

4

GBB

3

BGB

5

BBG

2

System in ‘GOOD’ state
System in ‘BAD’ state

Figure 5.3: Markov model of the proposed system. The system state is denoted by

{S1,2S1,BSC}

whereqGB = 1 − qGG andqGB = 1 − qBB. The steady state probability of being in

the good state,πG and the steady state probability of being in the bad state,πB can be

derived as

πG =
qGB

qGB + qBG

(5.25)

and

πB =
qBG

qGB + qBG

. (5.26)

5.3.2.2 Proposed QS-CD-ARQ system

The performance of the CD system is influenced by {1, BS}, {1, 2} and {2, BS} chan-

nels. As mentioned earlier, each channel is modelled by a two-state Markov process.

user 2only helps when he/she has an error free frame. Whenuser 2helps, the BS re-

ceives the combined signal that denoted by {C}. Otherwise, it receives fromuser 1only.

This situation can be modelled by a modulated Markov process as given in Fig. 5.3

where the {1, 2} channel is modulating the {1, BS} and {C} channels. The Markov state

76



is denoted by{S1,2S1,BSC}. When the direct link is in the good state (S1,B = G), the

destination decodes the frame without any error. So, states 4, 5, 6 and 8 yield the overall

system in good state. When the direct link is in the bad state (S1,B = B), the destination

decodes the frame without any error if and only ifS1,2 = G andSC = G. Ultimately, the

states 1, 2 and 3 belong to frame error and the system is in the bad state. The remaining

five states belong to the good state.

Therefore, this eight-state Markov process can be mapped to a 2-state Markov pro-

cess. The transition probabilities of the new 2-state system can be given as

qGG =

∑8
i=4

∑8
j=4 T 2[i, j]

∑8
i=4

∑8
j=1 T 2[i, j]

(5.27)

and

qBB =

∑3
i=1

∑3
j=1 T 2[i, j]

∑3
i=1

∑8
j=1 T 2[i, j]

(5.28)

whereT 2 is square of transition probability matrixT . T 2[i, j] gives transition probability

from statei to statej after two time slot and it can be written in terms of transition

probabilities of channels {1, 2}, {1, BS} and {C}. The square term comes into play

since the proposed CD system retransmits a particular frame in alternate slots as shown

in Fig. 5.1.

5.3.3 Derivation of performance metrics

In this subsection, the analytical derivation of performance metrics such as channel ef-

ficiency, ξ, packet loss rate,PLR, and throughput,ζ, are given based on the two-state

Markov model. It can be applied to CD-ARQ system or NCD-ARQ system. The channel

efficiency is defined in the frame level as ratio of the sum of error free frames to the total

number of frames transmitted. Since a large packet from the upper layer could not be

transmitted in one frame in the physical layer, the packet is usually fragmented. Simi-

lar to [30], we assume that fixed size packet from the upper layers is fragmented toNf

77



frames in the data link layer. Then, the packet loss rate is defined as the ratio of the sum

of dropped packets to the total number of packets transmitted. The throughput of the

system is given by the ratio between the total number of successful packets transmitted

and the total number of slots taken.

The channel efficiency is equivalent to the probability of the system being in a good

state which is given by

ξ =
qGB

qGB + qBG

. (5.29)

The average packet loss rate is derived as

PLR = 1−
(
πG + πB(1− q

Nmax
r

BB )
)(

qGG + qGB(1− q
Nmax

r
BB )

)Nf−1

. (5.30)

The throughput is given as

ζ =
1− PLR

1 + πB

(
1−q

Nmax
r

BB

1−qBB

) packet/slot. (5.31)

5.4 Numerical results

In this section, the analysis of the proposed QS-CD-ARQ system is validated with simu-

lation results. In addition, the performance of the QS-CD-ARQ is compared with that of

the NCD-ARQ system. A detailed description of NCD-ARQ system can be found in [60].

For the simulation, we first utilize an improved Jakes’ simulator, proposed in [68], to gen-

erate correlated Rayleigh fading traces and then use an efficient method proposed in [69]

to generate correlated Nakagami-m fading envelope from the generated Rayleigh traces.

We simulate non identical and independent correlated fading envelopes and using

them according to the CD-ARQ schemes. To obtain accurate results, we use a sampling

durationTf = 10−3 sec. and collect105 samples for each random seed. The simu-

lation results are obtained by considering the carrier frequencyfc = 900 MHz. For a
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givenfdTf , the relative velocity,v, of the {1,2}, {1,BS} and {2,BS} links can be calcu-

lated using the equationv = fdc/fc wherec is the velocity of light. To generalize the

performance study, the average signal power in each link and threshold∆ are written

in terms of averageSNR and SNR threshold,SNRT , respectively. By defining noise

power spectral densityN0 = 1, the average SNRs can be written asSNR1,2 = ES
b1Ω1,2,

SNR1,B = ES
b1Ω1,B, SNR2,B = ER

b2Ω2,B andSNRT = ∆2.

The following system parameters are used unless explicitly stated in Figs. 5.4 - 5.8.

The Nakagami fading figures,m1,B = 1, m2,B = 1 andm1,2 = 2, the normalized doppler

frequencyfdTf = 0.1 for all links, the normalized average SNRs,SNR1,2/SNRT =

5dB, SNR1,B/SNRT = 5dB, andSNR2,B/SNRT = 5dB, the number frames per

packet,Nf = 100, and the retry limit of a frame,Nmax
r = 4.

5.4.1 Effects of ARQ Parameters

In this subsection, we study the impact of ARQ protocol parameters on performance by

considering the packet size (Nf ) and the maximum number of retransmission (Nmax
r ).

The PLR and the throughput of the QS-CD-ARQ system is compared with those of the

NCD-ARQ system in Fig. 5.4. From Fig. 5.4, we can observe that the overall perfor-

mance of the QS-CD-ARQ is far better than the NCD-ARQ. That means cooperation

provides less PLR and higher throughput to the communication system. As expected,

the performance of both QS-CD-ARQ and NCD-ARQ degrades in terms of PLR and

throughput as the packet size increases, which is shown in subfigures (a) and (b). The

rate of change of QS-CD-ARQ is slower than that of NCD-ARQ. This means that a vari-

able packet size system is more robust with QS-CD-ARQ than NCD-ARQ. In subfigures

(c) and (d), the maximum number of retries is varied from 0 to 6. From the results, the

NCD-ARQ system keeps improving asNmax
r increases. The performance improvement

of the QS-CD-ARQ system is not significant beyondNmax
r = 4. In addition, the analyti-

cal and simulation results coincide for both systems whenNf = 100. In this section, we
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Figure 5.4: Packet loss rate and throughput of the proposed scheme compared with non-

cooperative scheme by varying packet size and maximum number of retransmission

useNmax
r = 4 andNf = 100 to study the effects of other parameters.

5.4.2 Effects of Channel Condition

In this subsection, we study the effects of channel conditions with respect to the normal-

ized SNRs, fading figures and normalized doppler frequencies.

The channel efficiency, packet loss rate and throughput of both QS-CD-ARQ and

NCD-ARQ are presented in Figs. 5.5, 5.6 and 5.7, respectively, for different system pa-

rameters in subfigures (a), (b), (c) and (d). In subfigures (a) and (b), theSNR1,B/SNRT

is varied from -5dB to 10dB form2,B = 1 andm2,B = 2, respectively.SNR2,B/SNRT

andSNR1,2/SNRT are varied from -5dB to 10dB in subfigures (c) and (d), respectively.

In Fig. 5.5 for all scenarios, the channel efficiency of QS-CD-ARQ increases as the

normalized SNRs increase. In subfigures (a) and (b), the channel efficiency of QS-CD-
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Figure 5.5: Efficiency of the proposed scheme compared with non-cooperative scheme.

[For (b),m2,B is changed to 2]

−5 0 5 10
0

0.2

0.4

0.6

0.8

1

SNR
1,B

/SNR
T

P
LR

(b)

−5 0 5 10
0

0.2

0.4

0.6

0.8

1

SNR
1,B

/SNR
T

P
LR

(a)

−5 0 5 10
0

0.2

0.4

0.6

0.8

1

SNR
2,B

/SNR
T

P
LR

(d)

−5 0 5 10
0

0.2

0.4

0.6

0.8

1

SNR
2,B

/SNR
T

P
LR

(c)

 

 

QS−CD−ARQ−analysis
QS−CD−ARQ−simulation
NCD−ARQ−analysis
NCD−ARQ−simulation

Figure 5.6: Packet loss rate of the proposed scheme compared with non-cooperative

scheme. [For (b),m2,B is changed to 2]
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Figure 5.7: Throughput of the proposed scheme compared with non-cooperative scheme.

[For (b),m2,B is changed to 2]

ARQ is better than that of NCD-ARQ and improves when the fading figure ofuser 2is

changed from 1 to 2. This is due to the fact that frame error rate decreases with improving

cooperative channels. In subfigures (c) and (d), the QS-CD-ARQ system outperforms the

NCD-ARQ system when normalized SNRs are greater than 0dB, which means that the

average received signal power at the receivers should be above theSNRT .

The PLR is presented in Fig. 5.6. In all cases, the proposed QS-CD-ARQ gives lower

PLR than NCD-ARQ, and PLR decreases as the normalized SNRs increases. From the

subfigures (a) and (b) of Fig. 5.6, it can be observed that increasing the fading figure of

the {2,B} channel improves the PLR performance significantly. In addition, the through-

put of the QS-CD-ARQ system given in Fig. 5.7 also exhibits similar performance char-

acteristics as PLR in Fig. 5.6. This behavior of the QS-CD-ARQ is due to the diversity

provided by cooperation and improved channel quality with SNR.

From Figs. 5.5, 5.6 and 5.7, we can conclude that increasing the normalized SNRs
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Figure 5.8: Packet loss rate and throughput of the proposed scheme compared with non-

cooperative scheme for various speed of the users.

improves the QS-CD-ARQ system performances. The fading figure of the {2,BS} chan-

nel significantly affects the upper layer performance. When average received SNR of all

the channels are above theSNRT , the proposed QS-CD-ARQ system outperforms the

NCD-ARQ system. Finally, our analytical approach is validated from the figures that

simulation results closely follow the analytical results.

In Fig. 5.8, the PLR and throughput are plotted for various values of normalized

Doppler frequencies,fdTf . The normalized Doppler frequency of the {1,B} channel

f1,BTf is varied from 0.01 to 0.9 in subfigures (a) and (c). On the other hand, in subfig-

ures (b) and (d), the normalized frequencies of all the channels are changed simultane-

ously from 0.01 to 0.9. Even though NCD-ARQ performs poorly for the given system

parameters in terms of PLR and throughput, the QS-CD-ARQ scheme performs better

in all cases. When the normalized frequency is larger than 0.2, the PLR of the QS-CD-

ARQ is almost saturated to 0.2 for subfigure (a) and 0.05 for subfigures (b). This also
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reflects in the performance of throughput in subfigures (c) and (d), which means that the

throughput is saturated when the normalized frequency is larger 0.2. Since the normal-

ized Doppler frequency of all the channel are equal in subfigures (b) and (d), the effective

channel exhibits more uncorrected than the effective channel in the case of subfigures (a)

and (c). Therefore, the QS-CD-ARQ system provides lower PLR and higher throughput

for subfigure (b) than subfigure (a), respectively. Similar to (a) and (c), the effect of

individual channel correlation can be studied.

From Figs. 5.4 - 5.8, the analytical study is validated by simulation not only for

the proposed QS-CS-ARQ system but also for NCD-ARQ. The proposed system can

outperform the conventional non-cooperative ARQ system by selecting a good partner

for cooperation.

5.5 Related Work and Comparative Study

In this section, the performance of DSTBC-CD-ARQ, SC-CD-ARQ and NCD-ARQ sys-

tems are compared with the our proposed QS-CD-ARQ system. In all cases, we use a

two-user based cooperative diversity and stop-and-wait ARQ mechanism. The descrip-

tion of each scheme is given as follows.

5.5.1 System Description

In the DSTBC-CD-ARQ system, relay is equipped with incremental relaying and des-

tination is combining signal according to the space time block coding employed. This

scheme is similar to the scheme proposed in [28,29]. The protocol of DSTBC-CD-ARQ

is given in Table II and illustrated in Fig. 5.9. The SC-CD-ARQ is similar to DSTBC-

CD-ARQ except the relays forward without any coding technique (decode and repeat)

and the destination uses SC instead of DSTBC. This scheme is equivalent to the node
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Figure 5.9: DSTBC-CD-ARQ Scheme

cooperative ARQ scheme proposed in [30]. NCD-ARQ is a conventional stop and wait

ARQ scheme without cooperation as mentioned in earlier section.

A comparative study is performed based on simulation. In this section, we consider

m1,B = m2,B = 1 andm1,2 = 2. To obtain accurate results, we use a sampling time of

10−3 sec and collect10 × 105 samples for each random seed. In the simulation study,

we consider the following system parameters. The carrier frequencyfc is equal to 900

MHz. The relative velocity of the {1,2}, {1,BS} and {2,BS} links are 10 Km/hr, 30

Km/hr, and 30 Km/hr, respectively. Unless explicitly stated, the following parameters

are used. The normalized SNRs,SNR1,2/SNRT = 15dB, SNR1,B/SNRT = 5dB,

andSNR2,B/SNRT = 5dB, the number frames per packet,Nf = 10, and the retry

limit of a frame,Nmax
r = 9.

The metrics of interest in evaluating the performance of the CD-ARQ schemes are

efficiency, packet loss rate, average delay and delay jitter. The efficiency and packet loss

rate are similar to earlier definitions. Instead of throughput, we introduce average delay

and jitter in this section. The average delay of the packet is given by the ratio of the total

number of successful packets to the total number of slots used. The jitter is the variance

of the packet delay.
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Table 5.2: Protocol of DSTBC-CD-ARQ
Source Flag=New frame; retry counter of each frame is
initialized to zero.

1. Broadcast mode: A frame (depending on Flag) is
transmitted by user 1 to both the BS and user 2 in
the user-1 channel with bit energy ES

b1 = Eb1,

(a) if an ‘ACK’is received, Flag=New frame; go to 1).

(b) if a ‘NAK’ is received and the retry counter does
not exceed the retry limit, go to 2).

(c) otherwise, the frame is dropped; Flag=New frame; go
to 1).

2. Cooperation mode: The same frame is re-transmitted
by user 1 in the user-1’s channel with bit energy
ES

b1 = Eb1/2, the retry counter of the frame is increased
by 1, and

(a) if an ‘ACK’ is received, Flag=New frame; go to 1).

(b) if a ‘NAK’ is received and the retry counter does
not exceed the retry limit, Flag=current frame; go
to 1)

(c) otherwise, the frame is dropped; Flag=New frame; go
to 1).

Partner

1. (Listening mode): The user 2 listens the transmission
and decodes it, and

(a) if the received frame is in error, stay in 1).

(b) otherwise, go to 2).

2. (Transmission mode):

(a) if a ‘NAK’ is received from the BS, the user
2 transmits with the user 1 simultaneously in
user-1’s channel with power ER

b2 = Eb2/2 and go to
1).

(b) otherwise, go to 1).

Destination

1. (Conventional mode): The BS decodes the signal from
user 1 and checks for correctness, and

(a) if the received frame is in error, a ’NAK’ is sent
in the reverse channel and go to 2).

(b) otherwise, an ’ACK’ is sent in the feedback channel
and stay in 1).

2. (Cooperation mode): received signal is decoded
according to the DSTBC detection; check for
correctness and

(a) if the received frame is in error, a ’NAK’ is sent
in the feedback channel and go to 1).

(b) otherwise, an ’ACK’ is sent in the feedback channel
and go to 1).
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Figure 5.10: Performance of CD-ARQ systems with varyingSNR1,B/SNRT from -10

to 10dB

5.5.2 Effects of Channel Condition

In this subsection, we study the effects of channel conditions by using the normalized

SNRs.

Figs. 5.10, 5.11 and 5.12, are plotted as a function of theSNR1,B/SNRT , SNR2,B/SNRT

andSNR1,2/SNRT , respectively. The performance metrics such as channel efficiency,

PLR, average delay and jitter are presented in subfigures (a), (b), (c) and (d), respectively.

By utilizing selection relaying in the cooperation, even though the sender to desti-

nation channel is poor, a good partner (with good interuser and partner to destination

channels) helps for successful transmission in the first attempt. But, in the incremental

relaying based schemes, the partner helps only if the first attempt failes. This is the rea-

son for QS-CD-ARQ outperforms all other schemes in Fig. 5.10. Further, NCD-ARQ

has low delay and jitter, comparably to those of DSTBC-CD-ARQ and SC-CD-ARQ
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Figure 5.11: Performance of CD-ARQ systems with varyingSNR2,B/SNRT from -10

to 10dB

at the expense of higher packet loss rate. The proposed QS-CD-ARQ outperforms all

other schemes whenSNR2,B/SNRT is greater than 0 dB in Figs. 5.10 and 5.11, and

SNR1,2/SNRT is greater thanSNR1,B/SNRT in Fig. 5.12. This is due to the fact that

QS-CD-ARQ always gets help fromuser 2. So, the {1,2} and {2,BS} links should be

good enough. In addition, SC-CD-ARQ closely follows the DSTBC-CD-ARQ in Figs.

5.10, 5.11 and 5.12 since both are equipped with incremental relaying and the effect of

signal combing techniques at the destination is not significant for correlated frame losses.

It means that the performance difference between SC and DSTBC is minor in the upper

layers.
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Figure 5.12: Performance of CD-ARQ systems with varyingSNR1,2/SNRT from -10

to 15dB

5.5.3 Effects of ARQ Parameters

In this subsection, we study the impact of ARQ protocol parameters such asNf and

Nmax
r .

The effects ofNf are studied in Fig. 5.13. Since the channel parameters is not

changed, the efficiency and average delay is not changed with packet size. The packet

loss rate is increased withNf for all schemes but the rate of changes is the smallest for

QS-CD-ARQ. In addition, the performance of QS-CD-ARQ is better than other schemes

that we can observe from all four performance metrics. As discussed earlier, the QS-CD-

ARQ performs better due to the incremental relaying mechanism.

The performances of the schemes are plotted againstNmax
r in Fig. 5.14. The effi-

ciency of the channel employing each scheme is similar to that in Fig. 5.13 except at

Nmax
r = 0. With no ARQ mechanism (Nmax

r = 0), DSTBC-CD-ARQ and SC-CD-ARQ
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Figure 5.13: Performance of CD-ARQ systems with varyingNf from 10 to 100

have a channel efficiency similar to that of NCD-ARQ since there is no help from the

partner. On the other hand, the efficiency of QS-CD-ARQ is better than others even for

Nmax
r = 0 because the relay in the QS-CD-ARQ system always forwards if it has error

free frame and is unaware of any ARQ mechanism. This leads QS-CD-ARQ to have

comparable very low packet loss rate atNmax
r = 0. For all the schemes, the average

delay is increased with increasingNmax
r due to increasing retransmissions of a frame or

reduce the packet loss rate. The overall performance of the QS-CD-ARQ is better than

other schemes and rate of change of both average delay and jitter are minimal compared

with other schemes whenNmax
r is greater than 4. From the results, we can conclude that

the proposed QS-CD-ARQ scheme is more favorable for QoS guaranteed applications.
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Figure 5.14: Performance of CD-ARQ systems with varying maximum retransmission

limit, Nmax
r , from 0 to 9

5.6 Summary

In this chapter, we introduce a common framework for analyzing adaptive relaying schemes

in CD-ARQ systems for time-selective channels. The performance of the schemes is

studied and the complexity of the schemes is discussed. From the numerical results,

we can observe that the proposed QS-CD-ARQ outperforms other schemes when the

sender is cooperating with a partner who provides a good sender-to-partner and partner-

to-destination link. In addition, the less complex SC-CD-ARQ performs similarly to

DSTBC-CD-ARQ. From the implementation point of view, QS-CD-ARQ is more favor-

able since radio resources can be allocated for a long duration and the partner does not

need to be aware of the ARQ. Moreover, the results of this study shows the importance

of the partner selection in CD systems which will be addressed in the next two chapters.
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Chapter 6

Matching Algorithms for Cooperative

Diversity Systems

As shown in the previous chapters, the performance of CD systems heavily depends on

partner location. Given a pair of users, if the interuser transmissions are error free, the

CD system can achieve full diversity order, which is equal to the number of terminals

participating in the cooperation. In reality, interuser channels are also erroneous. On the

other hand, wireless mobile devices are battery powered. It is important to minimize the

energy consumption in order to maximize the time the wireless device can be functional

without recharging or replacing the battery. Although cooperative diversity energy gain

for a single group of users has become an active research topic, how much energy gain

can be achieved for a network that employs a CD scheme, and how the diversity gain can

be maximized for the whole network are still open issues. In wireless mobile networks,

user mobility further complicates the grouping problem. The mobile users’ velocities and

direction of motion can change over time, which affect the cooperative diversity gain of

a pair of users. To the best of our knowledge, there is no research work reported in the

literature on how to group mobile users.

In a densely populated network, partner selection that maximizes the number of
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matchings is important. In practice, service or network providers will do their best to

maximize user capacity in order to maximize the revenue. Based on this premise, it is

reasonable to assume that the population size of a cell would be relatively large. The

partner selection algorithm proposed in this chapter, based on the criterion of maximiz-

ing cell energy, is in a direction to maximize the number of matchings in the partner

selection process.

Each individual user has its own preference in choosing its partner. The objective of

an individual user (maximizing its own energy gain by cooperation) may conflict with the

objective of the network (maximizing the energy gain of the whole network). For user

mobility, the best grouping at the current time instant may not be the best at a future time

instant. In this chapter, our objective is to group active users in a radio cell, taking cell

energy gain and user mobility into consideration. This problem requires the joint efforts

from both thephysical layer, which determines how a pair of users cooperate with each

other, and thenetwork layer, which determines how to group users in a radio cell. To

solve the problem, we first focus on how to optimally group static users in a radio cell,

and then study how to match users in a radio cell in the presence of user mobility.

Given the cooperative diversity energy gain of any pair of users, how to maximize it in

a radio cell by optimally grouping all the active users can be formulated as a non-bipartite

maximum weighted matching problem, which can be solved in polynomial time,O(n3).

Then, well known heuristic based Greedy matching algorithm, which can be solved in

polynomial time,O(n2 log n), is considered. Due to user mobility and intermittent traffic,

the matching algorithm should be periodically executed in real time. Thus, it is important

to reduce the computational and implementation complexity of the matching algorithm

without compromising too much energy gain. We propose a Worst-Link-First (WLF)

algorithm which gives the user with the worse channel condition and higher energy con-

sumption rate a higher priority to choose its partner. The computational complexity of

the proposed WLF algorithm isO(n2). Later, we will show that the WLF is also eas-

ier to implement. In this chapter, all the matching algorithms consider the energy gain
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achieved by a pair of users as a weight of the vertex and maximizing the total gain of

the network is the objective. Therefore, the proposed WLF algorithm that maximizes the

energy gain is called WLF-MaxGain. In addition, we derive a theoretical upper bound

of energy gain achievable by the matching algorithms.

With user mobility, the population size of a radio cell of the network varies with time,

and frequently updating the matching will introduce significant overhead. We propose

how to incorporate the mobility information in the matching algorithm to reduce the

overhead. It is shown that, by intelligently incorporating user mobility, the MW match-

ing and the WLF matching algorithms can maintain high cell energy gain with reduced

overhead.

The main contributions of this chapter are three-fold. First, we formulate the problem

of maximizing the cell energy gain in a radio cell as a classic a non-bipartite maximum

weighted-matching problem. Then, we study the performance of the four matching algo-

rithms, the MW algorithm, the Greedy matching algorithm, the proposed WLF algorithm

and the benchmark random matching algorithm, and compare their computational com-

plexity and cell energy gain tradeoff. Second, we derive theoretical upper bounds of

energy gain by cooperation in a radio cell. Third, we propose how to optimally group

mobile users, taking user mobility into consideration.

The remainder of the chapter is organized as follows. Section 6.1 presents the op-

erational functions of the MW algorithm, the Greedy matching algorithm, the proposed

WLF algorithm and the benchmark random matching algorithm. Section 6.2 describes

the network setup. Section 6.3 gives analysis and numerical evaluation of the match-

ing algorithms in a static network. How to group mobile users by considering mobility

information is presented in Section 6.4. A summary of the chapter is given in Section 6.5.
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6.1 Matching Algorithms

Choosing pairs of cooperating users is known asmatchingon graphs [72, 73]. LetG =

{V , E} be a graph, whereV is a set of vertices andE ⊆ V × V is a set of edges between

vertices. Each mobile user in a cell is represented as a vertex. The(i, j)th edgeei,j ∈ E
has a weightw(ei,j), which equals the energy gained by cooperation between usersi and

j over no cooperation. If there is no cooperative energy gain, the two users will just

use the non-cooperative scheme, and the weight of the edge linking them is zero. Thus,

the weight is always non-negative, and a positive weight represents the energy gain of

cooperation over no cooperation.

A subsetS of E is called amatchingsubset if there are no two edges inS sharing the

same vertex. The overall energy gain in the network is the sum of the positive weights of

all edges inS.

6.1.1 Maximum Weighted-Matching

Maximizing the energy gain by cooperation is equivalent to maximizingw(S) =
∑

ei,j∈S w(ei,j)

among all possible matchings, which is a non-bipartite weighted-matching problem. The

number of matchings with|S| = bn
2
c! equalsn!/(2b

n
2
cbn

2
c!), which exponentially in-

creases withn, wheren = |V| is the cardinality of the setV or the number of users in the

network. Comparing all possible matching by Brute Force search is very time consuming

when the number of active users is large.

The maximum weighted-matching algorithm developed in [61] can yield the optimal

solution for the non-bipartite weighted-matching problem in polynomial time,O(n3).

This state-of-the-art algorithm can be used to obtain the upper-bound of energy gain in a

wireless network.
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6.1.2 Greedy Matching

The heuristic Greedy matching algorithm [62] is given in Table 6.1. The Greedy match-

ing algorithm requires sorting the weights of all edges inE , so its complexity isO(n2 log n).

Table 6.1: Greedy Matching Algorithm

1. The BS selects a user pair i and j such that

energy gain w(ei,j) is the largest among w(e) for

e ∈ E . ei,j is added to the matching set.

2. Remove all edges incident to ei,j from E .

3. Repeat 1) and 2) until the number of unmatched

users is less than two.

6.1.3 Worst-Link-First Matching by Maximizing Gain

With user mobility and intermittent traffic, the matching algorithm should be periodi-

cally executed in real time. Thus, it is important to further reduce the computational

complexity of the matching algorithm without compromising too much energy gain.

Since the user with the worse channel quality (far from the BS) consumes more en-

ergy than the one with a better channel quality (near the BS) in a conventional transmis-

sion system, cooperation generally gives more energy gain to the far user than the near

user. Therefore, when considering the radio cell, those users with worse channel quality

and higher energy consumption rate should be given a higher priority. This motivates us

to develop the WLF-MaxGain matching algorithm that is given in Table 6.2.
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Table 6.2: WLF-MaxGain Matching Algorithm

1. The BS selects an unmatched user i with the worst

channel quality among all unmatched users.

2. The BS selects an unmatched user j such that

energy gain w(ei,j) provided by the cooperation

of user i and user j over no cooperation is

the maximum one among all w(ei,k), where k is an

unmatched user other than i. ei,j is added to the

matching set.

3. Repeat 1) and 2) until the number of unmatched

users is less than two.

6.1.4 Random Matching

The random matching algorithm is the simplest one and is used as the benchmark. The

algorithm randomly selects an unmatched useri and matches it with another unmatched

userj, until there are fewer than two unmatched users remaining. Although the compu-

tational complexity of the random matching algorithm isO(n), due to the randomness in

matching, a significant number of pairs cannot obtain positive energy gain by coopera-

tion. Therefore, random matching provides very limited energy gain.

6.2 Network Setup

We study the performance of an infrastructure-based wireless network,e.g., wireless

cellular systems or infrastructure-based wireless LANs (WLANs). The BS of a radio

cell, (or an access point in a WLAN) supportsNU mobile users, as shown in Fig. 6.1.
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Figure 6.1: Network setup

We consider the scenario in which any user is capable of cooperating with another user,

i.e., cooperation between two active users.

Both the interuser channels and the channel between a user and the BS are assumed as

quasi-static flat Rayleigh fading. Channel state information,i.e., the variance of channel

fading coefficient, is assumed available at the respective receivers. The users estimate the

interuser CSIs with their potential partners and forward them to the BS. If estimating in-

teruser CSIs is very time and power consuming by the mobile users, the BS can estimate

the interuser CSIs using the locations of the users and the path loss model available for

the respective areas. Matching can be done by the BS according to theNU(NU − 1)/2

CSIs, and the users can be grouped according to the matching results. Since coopera-

tion is not always beneficial, a pair of users can choose not to cooperate if there is no

cooperative diversity energy gain for them, and they communicate with the BS using a

conventional non-cooperative scheme.

In the fixed CD scheme that is studied in Chapter 3, the partner always relays the

information to the destination. In contrast, the partner of an adaptive CD scheme that is
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proposed in Chapter 4 decides whether or not to forward the information based on the

CRC of the received frame of bits. Since the relay should store frames and check the

CRC, and inform the BS whether the partner’s bits should be relayed or not, additional

processing and signaling are introduced. However, error performance of the adaptive

CD scheme is generally superior to that of the fixed CD scheme, especially when the

interuser channel is highly erroneous. In this chapter, the cell energy gain of both fixed

CD system reported in chapter 3 and the adaptive CD system reported in chapter 4 are

analyzed with each matching algorithm.

In general, wireless networks have a mixture of static and mobile users. In the follow-

ing, the performance of the proposed matching algorithms will be analyzed and evaluated

for a static-user network and a network with mixed static and mobile users.

6.3 Performance in Static-User Network

Given the required BER of each user, we first calculate the energy consumptions with

and without cooperation and the maximum energy gain for a pair of cooperating users.

We then obtain the cell energy gain over a non-cooperative system, and its theoretical

upper bounds.

6.3.1 Analysis

6.3.1.1 Energy Consumption of Non-cooperative Scheme

In signal transmission using a given modulation scheme over a Rayleigh fading channel,

the bit error probability can be expressed as a function of SNR. The bit error probability

of the non-cooperative (standard) BPSK scheme for useri can be written as [63]

Pbi =
1

2

(
1−

√
γ̄nc

i

1 + γ̄nc
i

)
, (6.1)
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whereγ̄nc
i = σ2

i,B
Ebi

N0
is the SNR.Ebi is the energy expended in transmitting one bit using

the non-cooperative scheme,σ2
i,B is the variance of the channel fading coefficient andN0

is the one-sided power spectral density of additive white Gaussian noise. Therefore, to

ensure the BEP of useri to be no less thanPbi, the minimal required bit energy is

Ebi =
N0

σ2
i,B

[
(1− 2Pbi)

2

1− (1− 2Pbi)2

]
. (6.2)

6.3.1.2 Energy Consumption of CD Schemes

6.3.1.2.1 Fixed regenerate-and-forward CD schemeFor useri partnering with user

j, the bit error probability with the fixed regenerate-and-forward CD scheme can be given

as in Eq. (3.38),

Pbi =
1

2γ̄i,j

γ̄j

γ̄i + γ̄j

+
3

4γ̄iγ̄j

+
1

2γ̄i,j

γ̄i − γ̄j

(γ̄i + γ̄j)2
− 1

2γ̄i,j

3

4γ̄iγ̄j

(6.3)

whereγ̄i = σ2
i,B

2ES
bi

N0
, γ̄j = σ2

j,B

2ER
bj

N0
, andγ̄i,j = σ2

i,j
2ES

bi

N0
. ES

bi andER
bj are respectively the

energies spent by the source (useri) and the relay (userj) in transmitting one bit for user

i.

Let k = ER
bj

/ES
bi

. We can write (6.3) as

0 = Pbi(E
S
bi
)3 −

[
kσ2

j N0

4σ2
i,j(σ

2
i + kσ2

j )

]
(ES

bi
)2 +

3N3
0

64kσ2
i,jσ

2
i σ

2
j

−
[

3

16kσ2
i σ

2
j

+
σ2

i − kσ2
j

8σ2
i,j(σ

2
i + kσ2

j )
2

]
N2

0 ES
bi
. (6.4)

The above equation has a real solution forES
bi

, which can be expressed as a function of

Pbi, N0, k, σ2
i,B, σ2

j,B andσ2
i,j:

ES
bi

= f1(Pbi, N0, k, σ2
i,B, σ2

j,B, σ2
i,j). (6.5)

f1(·, ·, ·, ·, ·, ·) is a relatively complex function of its arguments. It can be solved numer-

ically. GivenES
bi, ER

bj can be found usingER
bj = kES

bi. Thus, the energy required for

useri in cooperation with userj, (ES
bi + ER

bj), can be determined. Similarly, the energy

required for userj in cooperation with useri, (ES
bj + ER

bi), can be derived.
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6.3.1.2.2 Adaptive Regenerate-and-Forward CD SchemeBy considering cooper-

ative and non-cooperative modes of the adaptive CD scheme in the high SNR regime, the

bit error probability of useri can be written as

Pbi =

(
1− KN

2γ̄i,j

)
3

4γ̄iγ̄j

+
KN

4γ̄i,j

1

γ̄i

(6.6)

whereKN =
∑NS

eb=1
1
eb

, NS is the number of symbols in a frame andeb is the number of

bit errors between the transmitted and received frames. Equation (6.6) can be written as

0 = Pbi(E
S
bi)

3 − N2
0

16σ2
i,B

[
3

kσ2
j,B

+
KN

σ2
i,j

]
ES

bi
+

KNN3
0

64kσ2
i,Bσ2

j,Bσ2
i,j

(6.7)

Similar to the fixed CD scheme, the energy required for cooperative transmission can be

expressed as a function ofPbi, k, NS, N0, σ2
i,B, σ2

j,B andσ2
i,j.

6.3.1.3 Analytical Upper Bound

The cooperative diversity gain of the network depends largely on user deployment, e.g.

how many active users in the network, their locations, etc. A tight theoretical upper

bound is important for quantifying the performance of different CD schemes and match-

ing algorithms.

Network energy gain, which is the energy gain of a cell with user cooperation over a

cell without user cooperation, is defined as

GE = 10 log10

( ∑NU

i=1 Ebi∑NP

i=1(E
S
bi

+ ER
bi
) +

∑NU

i=NP +1 Ebi

)
, (6.8)

where the firstNP users are paired to have cooperation and the remaining(NU − NP )

users have no partners. Since
∑NU

i=1 Ebi is a constant independent of matching,GE is

maximized when
∑NP

i=1(E
S
bi

+ ER
bi
) is minimized.

Consider useri located at distancedi,B from the BS and userj at distancedj,B from

the BS. The average CSIsσ2
i,B ∝ d−α

i,B, σ2
j,B ∝ d−α

j,B andσ2
i,j ∝ d−α

i,j
, where the path loss
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Figure 6.2: Geographical setting of users for the derivation of upper bound

exponentα takes the value between2 to 6. We first demonstrate that the energy gained

by cooperation between usersi andj is no larger than the energy gained by cooperation

between usersi andj′, where userj′ is located on the straight line beginning at the BS

and passing throughi, and the distance betweenj′ and the BS is alsodj,B. Obviously,

Ebj = Ebj′. For useri located anywhere between the BS and userj′ (see Fig. 6.2),

∠ijj′ < ∠ij′j, and the distance betweeni andj is larger than the distance betweeni and

j′. Therefore,σ2
i,j < σ2

i,j′ . Consequently, given the BER requirements, the total energy

consumption by cooperating usersi andj′ is smaller than that by usersi andj.

Therefore, to obtain an upper bound of cell energy gain, it is sufficient to consider

the one-dimensional case. That is, all users lie on the same straight line beginning at the

BS, such that the distance between usersi andj, di,j, equals|di,B − dj,B|.

6.3.1.3.1 Fixed Regenerate-and-Forward CD SchemeAs an example, by substi-

tutingk = 1, Pb1 = Pb2 = 10−3, NS = 128, N0 = 1 unit power/Hz, the CSIs in terms of

distance, andα = 3 into (6.5) and rearranging, we getEbi+Ebj−ES
bi−ER

bj−ES
bj−ER

bi in

terms ofdi,B anddj,B, which is maximized whendj,B = 0.85di,B or dj,B = di,B/0.85. It

means that the most favorable matching for useri is a user located0.85di,B or di,B/0.85

away from the BS and on the line between useri and the BS. Therefore, to maximize the

cooperative energy gain of the pair,Gi,j = 10 log10

(
Ebi+Ebj

ES
bi+ES

bj+ER
bi+ER

bj

)
should be maxi-
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Figure 6.3: Energy gain for a pair of users using fixed CD scheme and adaptive CD

scheme

mized. For a givendi,B, the maximum cooperative energy gain,max{Gi,j} = 9.63 dB,

is achieved whendj,B = 0.85di,B or dj,B = di,B/0.85.

It is noted thatmax{Gi,j} depends on the ratio ofdi,B anddj,B only, and it is inde-

pendent of the values ofdi,B anddj,B. The upper bound on the cell energy gain can be

achieved when all the users have cooperative partners (NP = NU even number) and the

cooperating pair are located according to the ratio. Therefore, with the fixed CD scheme

and other parameters, (α, k, Pbi, NS, N0), as specified, (7.22) yields the upper bound of

the network energy gain, which equals9.63 dB. The energy gain contours are plotted in

the Fig. 6.3: if the source node paired with a node located at theG dB contour,G dB

cooperative energy gain can be achieved.

6.3.1.3.2 Adaptive Regenerate-and-Forward CD SchemeSimilarly, with the adap-

tive CD scheme, for a givendi,B, Ebi + Ebj −ES
bi−ER

bj −ES
bj −ER

bi is maximized when
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dj,B = 0.54di,B or dj,B = di,B/0.54. For a givendi,B, the maximum cooperative energy

gain,max{Gi,j} = 10.22 dB, is achieved whendj,B = 0.54di,B or dj,B = di,B/0.54, and

the upper bound of the cell energy gain with the adaptive CD scheme is10.22 dB. Both

the fixed and adaptive CD schemes have the same energy gain,9.60 dB, when coopera-

tive users are co-located and their inter-channel is error free. The energy gain contours

with the adaptive CD scheme are also plotted in Fig. 6.3.

Comparing the contours of fixed CD and adaptive CD schemes in Fig. 6.3, since

the fixed CD scheme is more sensitive to interuser transmission errors, the cooperative

energy gain for a particular user decreases quickly when the partner is far away from

the user. For the adaptive CD scheme, the pair can still achieve quite significant energy

gain even when they are far away from each other. As shown in Fig. 6.3 for adaptive CD

scheme, the cooperative region (in which a partner is located with certain dB cooperative

energy gain) of the adaptive CD scheme is much larger than that of the fixed CD scheme.

6.3.2 Numerical Results

In this subsection, numerical results are presented for the four matching algorithms with

both the fixed and adaptive CD schemes in a network with static users. We generate

a wireless network where the coordinates of the BS are (0, 0). NU users are randomly

placed on a unit disk centered at the BS as given in Fig. 6.1, with their coordinatesx and

y uniformly distributed in[−1, 1]. The average CSIs are inversely proportional todα,

whered is the distance between the sender and the receiver, and the path loss exponent

α takes the value3 in the simulation. The required BER is10−3.

Different user deployments are generated by using different random seeds. We as-

sume that the BS can track the user locations, and thus determine their pair-wise distances

and CSIs. From the CSIs, the average energy required for no cooperation and coopera-

tion schemes are calculated, using (6.2) and (6.4), respectively. We change the number of

active users in the network from10 to 100 in order to consider both the low-density and
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Figure 6.4: Average number of users without a partner vs number of users in the cell

high-density scenarios. The number of users without a partner and the average cell en-

ergy gains with the four matching algorithms are shown in Figs. 6.4 and 6.5, respectively.

All the results are obtained by averaging the performance parameters over25 different

user deployments.

As shown in Fig. 6.4, for both the fixed and the adaptive CD schemes with the MW,

Greedy, and WLF matching algorithms, the number of users without a partner are inde-

pendent of the number of active users in the network. Thus, the chance for a user without

a partner is very low for a high-density network. On the other hand, with the random

matching algorithm, the number of users without partner increases proportionally with

the number of users in the network. This is because each user has a cooperative region,

as shown in Fig. 6.3, only users in the cooperative region grouped together can obtain

positive cooperative diversity gain. The probability of two randomly chosen users are

within each other’s cooperative region is constant, independent of the network density.

Fig. 6.5 shows that the average cell energy gains for the four matching algorithms.
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Figure 6.5: Average energy gain,GE, versus number of users in the cell

The gains of the MW, Greedy, and WLF matching algorithms increase with the number

of users. This is because, as shown in Fig. 6.4, in a lower-density network, the chance for

a user without a partner is higher, so the average cell energy gain is lower. To approach

the analytical upper bound, the network should have a sufficiently large number of users,

so every user can be grouped with an optimal partner. As shown in Fig. 6.3, the higher

energy gain regions become smaller, so the energy gain of the cell increases slower when

the number of active users is larger. In contrast, the random matching algorithm provides

almost constant gain, independent of the number of users in the network.

From the numerical results, if a BS does not have the knowledge of the CSIs and just

randomly matches users for cooperation, only about1 dB or1.5 dB cell energy gain over

no cooperation can be achieved with the fixed CD scheme or the adaptive CD scheme,

respectively. If the CSIs were available or could be estimated, the WM, Greedy, and

WLF matching algorithms would achieve5.5 ∼ 9 dB cell energy gain with the fixed CD

scheme and7 ∼ 10 dB cell energy gain with the adaptive CD scheme. In addition, the
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adaptive CD scheme outperforms the fixed CD scheme by about1 ∼ 2 dB.

Although the WLF algorithm does not guarantee the worst case performance, exten-

sive simulations demonstrate that, the performance of the WLF algorithm is close to that

of the Greedy algorithm, and their average energy gains in a cell are about1 dB less than

that with the MW algorithm. The WLF algorithm is easier to implemente than the MW

and Greedy algorithms: the latter two require the matching gains of any pair of active

users (NU(NU − 1)/2 pairs) which are difficult to obtain. With the WLF, the BS can

choose an unmatched active user with the farthest distance to the BS (or the worst chan-

nel condition to the BS) first. Then, according to Fig. 6.3, the BS selects an unmatched

user in the high-dB-gain region to be its partner. In addition, the WLF algorithm can

potentially be implemented in a distributed manner: each user chooses its desired part-

ner; if there is any conflict, the user farther away from the BS (or with worse channel

condition to the BS) has a higher priority.

6.4 Performance in Mobile Network

In mobile networks, user mobility complicates the matching problem. Since users may

move in different directions at different velocities, and the velocities and directions

change over time, their absolute and relative locations keep on changing. The currently

best matching strategy may be less attractive or even no longer applicable after a while.

Therefore, the matching algorithm should be periodically executed according to the cur-

rent user locations and channel conditions.

6.4.1 Matching Algorithms Considering Mobility

Although more frequently updating the matching can more accurately track the loca-

tions and channel conditions of random and high-mobility users, it introduces significant
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overhead to not only the BS, but also the mobile users. Furthermore, mobile users need

to synchronize with their new cooperative partners frequently. To reduce the overhead

without significantly sacrificing performance, it is proposed to predict the future cooper-

ative diversity energy gain of mobile users based on their current location and mobility

information, and match users accordingly. How a BS detects the location and speed of

active mobile users has been extensively studied in the literature, and the technologies

have been used for E-911 service and other location dependent services.

Table 6.3: Modified WLF-MaxGain Matching Algorithm considering mobility

1 at time t, sort V according to CSIs

2 for each i ∈ V
3 MaxW = 0; partner(i) = 0

4 for ( j = i + 1; j < NU ; j + +)

5 if vj ∈ V
6 w(ei,j) = f(w(ei,j(t)), T )

7 if w(ei,j) > MaxW

8 partner( i) = j;

MaxW = w(ei,j)

9 remove i and partner(i) from V;

add ei,partner(i) to S

The WLF matching algorithm considering mobility, which is periodically executed

everyT seconds, is given in Table 6.3. At timet, the set ofNU active users,V, are sorted

according to their channel conditions (CSIs), such that the user with the worst channel

condition is considered first, as shown in Line1. All users being grouped are removed

from V (Line 9). For each unmatched useri, the BS calculates the cooperative diversity

gain of i and another un-matched userj, w(ei,j), (Lines4, 5, 6 ). Note thatw(ei,j)

is a function ofw(ei,j(t)) andT . w(ei,j(t)) is the energy gain according to usersi and
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j’s current channel conditions or user locations (at timet). Assuming that the velocities

and directions ofi and j remain the same in the nextT seconds, the BS can predict

their future locations and channel conditions.w(ei,j(t + δ)) is the predicted energy gain

according to the predicted user locations and channel conditions at timet + δ. Function

f in Line 6 calculates the average energy gain duringt to t + T :

f(w(ei,j(t)), T ) = 1/T

∫ t+T

t

w(ei,j(x))dx. (6.9)

To simplify the calculation, whenT is small,f(w(ei,j(t)), T ) can be approximated as

[w(ei,j(t))+w(ei,j(t+T ))]/2. Similarly, the MW and Greedy algorithms can be modified

by using the average cooperative diversity gain during[t, t + T ] as the weight.

There are certain implications that the system designers may consider. First, to re-

duce the overhead by lengtheningT , the prediction of future user channel conditions

and locations become less accurate, which will degrade the overall cell energy gain.

Second, even if all active users keep their current velocities and directions for a long

time, less frequently updating of the matching will also reduce the overall cell energy

gain. This can be illustrated as follows. Observel consecutive time slots,t1, t2, ..., tl,

where each slot has a very short durationε. Assume that the user locations and chan-

nel conditions remain the same in each slot. If the maximum weighted-matching algo-

rithm is executed at each slot, the energy gain in that slot will always be the highest

among any matchings. Therefore, by executing the MW algorithm at each slot, the en-

ergy gain is always better than or equal to matching once for a period ofl time slots.

Third, if the matching algorithm is executed only once perT sec, and user mobility es-

timation is accurate, usingw(ei,j) = f(w(ei,j(t)), T ) = 1/T
∫ t+T

t
w(ei,j(x))dx in the

MW algorithm also leads to optimal matching for overall energy gain of the cell dur-

ing t to t + T . This is because the overall energy gain of the cell duringt to t + T is
∫ t+T

t

∑
ei,j∈S w(ei,j(x))dx =

∑
ei,j∈S

∫ t+T

t
w(ei,j(x))dx, which is maximized using the

MW algorithm.
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Figure 6.6: Mobility model

6.4.2 Numerical Results

We consider a wireless mobile network in which the users are uniformly distributed over

a (4R)2 square area, as shown in Fig. 6.6. The BS is located at the center of the square,

covering all active users in the disk centered at the BS with radiusR. The mobile users

move at constant velocities and the directions of motion are independent and identically

distributed (i.i.d.) with uniform distribution in the range[0, 2π). If a mobile user reaches

the edge of the square, it will be bounced back and move with the same velocity. The

velocity is a uniformly distributed random variable in the range[0, Vmax]. In the simula-

tion, a user chooses a direction and a velocity, and moves in that direction (unless being

bounced back) at the constant velocity for a time durationtd, which is also uniformly

distributed in the range(0, tmax) slots. Aftertd, the process repeats. The matching al-
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Figure 6.7: Average energy gain,GE, of WLF matching with and without mobility in-

formation

gorithm will be executed everyT seconds. The grouped pairs will cooperate with each

other until new matching results separate them, or when any of them moves out of the

cell or when there is no longer any cooperative diversity gain between them. We use the

following parameters in the simulations. The number of active users in the square area

is 200. The normalized velocityVnorm, which is defined byVnorm = VmaxT
R

, is set to0,

0.25, 0.5, 0.75, 1, which cover the static, low mobility, and high mobility cases.

The energy gain achieved by the WLF matching algorithm for the adaptive CD

scheme with and without mobility are shown in Fig. 6.7. It can be seen that forVnorm =

1.0, from the time after the matching (t = 0) to the time just before the next match-

ing (t = T ), the cell energy gain with the WLF algorithm without mobility information

quickly drops from9 dB to 1 dB. On the other hand, with the same user deployment,

the WLF algorithm with mobility information maintains a high cell energy gain (above

7 dB). The simulation results confirm that if we intelligently apply the mobility informa-
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Figure 6.8: Average energy gain,GE, vs. normalized velocity

tion in the matching algorithm, a significant cell energy gain can be achieved for mobile

networks. Similar results are obtained for both the adaptive CD scheme and the fixed

CD scheme, with the MW, WLF and Greedy algorithms. In the following, we focus on

matching algorithms with mobility information, and compare their performance metrics.

The percentage of in-cell users participating in the cooperation (specifically in the

matching process) is approximately (1−0.3Vnorm). In the low mobility situation (Vnorm <

0.25), more than90% of the in-cell users participate in the cooperation. It is reduced to

70% for the high mobility situation, i.e.,Vnorm = 1. On the other hand, the average

energy gain decreases asVnorm increases, as shown in Fig. 6.8. With other CD scheme

or matching algorithms, the same trend can be observed for the average energy gain ver-

susVnorm curve. This is due to two factors. First, the percentage of participating users

remaining in the cell for a given durationT decreases asVnorm increases. Second, with

high mobility, even if the matching is ideal at the beginning of a slot, it becomes less

favorable or even impractical at the end of the slot.
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Fig. 6.8 demonstrates the tradeoff between the performance and overhead. If the BS

updates the matching more frequently,i.e., T is shorter,Vnorm can be reduced and higher

cell energy gain can be achieved; otherwise, the BS updates the matching less frequently

with less overhead and less energy gain.

The simulation results show that the WLF algorithm outperforms the Greedy algo-

rithm in mobile networks. The performance of the WLF and MW algorithms degrade

gracefully whenVnorm is higher, and the performance of Greedy matching algorithm de-

grades quickly with higher mobility. In addition, the adaptive CD scheme outperforms

the fixed CD scheme by a larger margin with higher mobility. This is because, according

to Fig. 6.3, the high gain area is much smaller with the fixed CD scheme than that with

the adaptive CD scheme, so the partners easily move outside the high gain area with the

fixed CD scheme.

6.5 Summary

Matching theory and algorithms have been extensively investigated in the past for other

applications,e.g., scheduling, assignment. Both the state-of-the-art algorithms to ob-

tain the optimal matching, and the approximation algorithms have been reported. The

proposed WLF matching algorithm considers the fact that the nodes with worse channel

condition generally get more benefits from the cooperation, which is not obvious in other

applications. Furthermore, there are some characteristics which are unique in CD sys-

tems; thus, it is worth to re-investigate matching algorithms for this particular problem.

We have studied the energy gain provided by four matching algorithms, the MW,

Greedy, random, and the proposed WLF matching algorithms, with computational com-

plexity of O(N3
U),O(N2

U log NU), O(NU), andO(N2
U), respectively, for both fixed and

adaptive CD systems. We have further proposed how to optimally match mobile users

considering user mobility. Simulation results demonstrate that, by intelligently applying
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user mobility information in the matching algorithm, high energy gain with moderate

overhead is achievable in mobile networks. It is conjectured that our study provides

insights into the tradeoff between matching overhead and energy gain in a wireless net-

work, which is an important step toward practically deploying CD systems in wireless

networks.
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Chapter 7

Joint Power Allocation and Partner

Selection of the Cooperative Diversity

System

In the previous chapter, we propose the WLF matching algorithm and compare it with

existing matching algorithms by considering equal power transmission from sender and

partner. In this chapter, our objective is to minimize the overall energy consumption rate

in the network by appropriately grouping users and setting their power levels according

to their QoS requirements. Since mobile users in wireless networks change their loca-

tions from time to time, by minimizing the energy spent by all users in the cell, the long

term energy consumption rate of each user can be minimized so that the average bat-

tery recharge time can be significantly prolonged. In addition, the power allocation and

matching algorithm should be with low overhead, low computational complexity, and

easy implementation.

We first formulate and solve the power allocation problems of 2-user cooperation in

cellular networks, considering both theregenerate and forwardCD systems (including

our proposed QS-CD system) and theamplify and forwardsystems. We also extend
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the optimal power allocation problems with the constraint that the relaying power at

the partner be equal to the source’s transmission power. We refer to this as the equal

power constraint, which is desired for static wireless networks like sensor networks, in

which nodes are equipped with the same initial energy. The objective is to maximize the

lifetime of the network; it is therefore necessary to minimize the energy consumption

of the nodes with the maximum energy consumption rate. In this situation, equal power

allocation (EPA) can maximize the lifetime of the pair. We then study the location of the

optimal partner for a user and how to match users to maximize the energy gain of the

whole network.

The main contributions of the chapter are three-fold. First, we formulate the opti-

mization problem to maximize cooperative diversity gain in a wireless network, taking

into consideration the operational characteristics of different layers. Second, we obtain

optimal power allocation solutions for general CD systems to minimize the total energy

consumption for a cooperating pair, with and without the EPA constraint, and then sub-

stantiate the analysis by calculating the optimal powers for theamplify and forwardCD

system proposed in [49] and our proposed QS-CD (adaptive regenerate and forward)

system. We further determine the locations of a user’s best partner to minimize the en-

ergy consumption of the user and to maximize the CD energy gain of the pair. Third,

the analytical results motivate us to improve the WLF matching algorithm referred as

WLF-MinMaxEnergy. The WLF-MinMaxEnergy can achieve near optimal performance

by minimizing the maximum energy requested for cooperative transmission as a weight

for the matching algorithm. The power allocation strategies can be directly applied to

various CD systems proposed in the literature and the proposed matching algorithm can

be easily implemented in a centralized or distributed manner.

The remainder of the chapter is organized as follows. Sec. 7.1 introduces the system

model and the CD systems considered. How to optimize the power allocation and the

best partner’s location are studied in Sec. 7.2. Improved WLF matching algorithms is

presented in Sec. 7.3. Numerical results are presented in Sec. 7.4, followed by summary
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in Sec. 7.5.

7.1 Network Setup

We consider similar network setup as in Chapter 6. For the sake of completeness, it is

briefly described here. Fig. 6.1 shows a wireless cellular network where the BS of a radio

cell supportsNU mobile users. A user is capable of cooperating with another user,i.e.,

cooperation between two active users. The BS and the mobile devices each has a single

antenna. The uplink signals transmitted by the sender and relayed by the partner are

combined at the BS using MRC. The cooperative diversity system thus emulates a “two

inputs one output” (2I1O) situation.

The interuser and the user to BS channels are assumed to exhibit frequency non-

selective Rayleigh fading and independent of each other. They are also static over a

frame interval and change independently from frame to frame, and each frame consists

of B bits. In addition, it is assumed that channel state information is available at the

respective receivers and proper synchronization has been established.

7.1.1 Regenerate and forward CD system

We consider the QS-CD system proposed in Chapter 4 in which the partner’s device

employs CRC to check the correctness of the received frame before making a decision

of whether or not to forward the message. According to Eq. 4.20 in chapter 4, the

approximate bit error probability of user1 (Pb1), using quadrature phase shift keying

(QPSK) modulation, is rewritten for high SNR as

Pb1 =
KN

4γ̄1γ̄1,2

+
3

4γ̄1γ̄2

− 3KN

8γ̄1γ̄2γ̄1,2
(7.1)

whereKN =
∑NS

n=1
1
n

for NS-symbols frame. The approximate bit error probability of

user2 (Pb2) can be similarly expressed. The average received SNR at the destination of
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the signals from user1 and user2 areγ̄1 = σ2
1,B

2ES
b1

N0
andγ̄2 = σ2

2,B
2ER

b2

N0
, respectively; and

the average received SNR at user1 of the signal from user2 is γ̄1,2 = σ2
1,2

2ES
b1

N0
. Theσ2’s

are the variances of the respective Rayleigh fading channel coefficients which are defined

as the average channel state information.ES
b1 andER

b2 are respectively the energies spent

by the source (user1) and the relay (user2) in transmitting one bit for user1.

Using the QS-CD system, both the transmitting and relaying bit energy at the re-

spective user should be equal in order to avoid power imbalance in the in-phase and

quadrature signaling. This is not the situation in otherregenerate and forwardCD sys-

tems reported in the literature e.g., [47,50,51,73].

7.1.2 Amplify and forward CD system

With theamplify and forwardCD system, the partner amplifies the signal received from

the sender and retransmits it to the destination. Theamplify and forwardCD system

proposed in [49] is used here. Binary phase shift keying (BPSK) modulation is applied

and each receiver accumulates channel state information and employs coherent detection.

Each of the cooperating users is allocated different frequency bands (centered atf1 and

f2) and, in each band, a user transmits signals in two time frames: one frame is dedicated

for its own bits and the other is for relaying the partner’s bits. According to Eq. (13)

in [49], the approximate bit error probability of user1 for high SNR can be written as

Pb1 =
3

4γ̄1γ̄2

+
3

4γ̄1γ̄1,2

. (7.2)

The approximate bit error probability of user2 (Pb2) can similarly be expressed.

7.2 Optimal Power Allocation and Partner Location

Given the locations of the source and the relay, to satisfy the BEP requirements, the

required power of the cooperating users depends on the quality of the interuser channel
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and the user-to-destination channels. How to minimize the total power consumption for

the pair by appropriate power allocation is still an open issue. We first derive the optimal

power allocation (OPA) and equal power allocation strategies for a general CD system,

and then substantiate the analysis by calculating the optimal powers for theregenerate

and forward(QS-CD system) and theamplify and forwardCD system in [49].

7.2.1 Power allocation for regenerate and forward CD system

Since power and energy are directly related, in what follows, we use the term power

allocation even though the optimization problem is formulated as a minimization of the

energy.

7.2.1.1 Optimal power allocation

In a practical situation, when a user must have the same power level for transmitting and

relaying due to implementation concern of QS-CD system, the power allocation problem

can be formulated as the following convex optimization problem:

min (Ec1 + Ec2) (7.3)

s.t. Pb1(Ec1, Ec2) ≤ β1 andPb2(Ec1, Ec2) ≤ β2

whereβ1 andβ2 are the maximum tolerable BEP for user1 and user2, respectively,

ES
b1 = ER

b2 = Ec1, andES
b2 = ER

b1 = Ec2. The optimization problem can be solved

as follows. As mentioned earlier, the transmission power of the user is always a non-

increasing continuous convex function of the relay power of its partner. For a given BEP,

if Ec1 is smaller,Ec2 must be larger, and vice versa. As shown in Fig. 7.1, to guarantee

Pb1 ≤ β1 andPb2 ≤ β2, the energy levels of the two users should be in the intersection of

the region above1 the dotted and the solid curves which is shown as the shaded area. To

1When a point is “above” another point, we mean that the total energy consumption of the two users

corresponding to the former one is higher.
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Figure 7.1: Power allocation problem ofregenerate and forward

select the optimum operating point that minimizes the energy consumption(Ec1 + Ec2)

with the constraintsPb1 ≤ β1 andPb2 ≤ β2, we should consider the following three

cases.

Case I: The optimal operating point that satisfiesPb1 = β1 only is the tangent point

of the dotted curve touched by the line with slope−1, i.e., pointB in Fig. 7.1. This is

because all the points on the line with slope−1 (dashed lines) correspond to the same

value of(Ec1 + Ec2), and all other points on the dotted curve have higher total energy

levels than that of pointB. If point B also satisfiesPb2 ≤ β2, point B is the optimal

solution for the OPA problem.

Case II: If the condition in case I is not satisfied, we can identify the optimal operating

point to minimize the total energy with the constraintPb2 = β2 only, which is the tangent
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point of the solid curve touched by the line with slope−1, i.e., pointA in Fig. 7.1. If

pointA also satisfiesPb1 ≤ β1, pointA is the optimal solution for the OPA problem.

Case III: if the conditions in both cases I and II are not satisfied, according to the

following theorem, the two curves must intersect at a point which is the optimal operating

point of the OPA problem.

Theorem 1 Let pointA (EA
c1, E

A
c2) be the tangent point ofPb2(Ec1, Ec2) = β2 (the solid

curve in Fig. 7.1) touched by the line with slope−1, andB (EB
c1, E

B
c2) be the tangent

point ofPb1(Ec1, Ec2) = β1 (the dotted curve in Fig. 7.1) touched by the line with slope

−1. If Pb1(E
A
c1, E

A
c2) > β1 andPb2(E

B
c1, E

B
c2) > β2, the two functionsPb1(Ec1, Ec2) = β1

andPb2(Ec1, Ec2) = β2 must intersect at a point labeledC. C is located between the two

parallel lines with slope1, one passing through pointA and the other passing through

pointB, andC is the optimal solution of the OPA problem in (7.7).

Proof of Theorem 1 The line passing through pointA with slope1 intersects the solid

curve at pointA′ which must be above pointA; otherwise, pointA will satisfy the condi-

tion Pb1 ≤ β1 (case I), which contradicts the condition of the theorem. The line passing

through pointB with slope1 intersects the solid curve at pointB′ which must be above

point B; otherwise, pointB will satisfy the conditionPb2 ≤ β2 (case II), which contra-

dicts the condition of the theorem. GivenPb1(Ec1, Ec2) = β1 andPb2(Ec1, Ec2) = β2 are

continuous convex functions,AB′ andBA′ must intersect at one and only one point, i.e.,

pointC. On the solid curve, from pointA to pointB′, Ec1+Ec2 monotonically increases,

and any point betweenA andC cannot satisfyingPb1(Ec1, Ec2) ≤ β1. Thus,C is the

point with the minimumEc1 + Ec2 and satisfies both constraints, and it is the optimum

solution.

Using the proposed QS-CD system, (7.1) can be written as

Ec2 =

(
12k1k2σ

2
1,BN2

0 Ec1 − 3KNk2N
3
0

)
(
64k2

1Pb1σ6
1,BE2

c1 − 8KNk1N2
0 σ2

1,B

) . (7.4)
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The coordinates of pointB can be obtained by solvingdEc2

dEc1
= −1.

Similarly, for user 2,

Ec1 =

(
12k1k2σ

2
1,BN2

0 Ec2 − 3KNk2N
3
0

)
(
64k2

1σ
6
1,BPb2E2

c2 − 8KNk2N2
0 σ2

1,B

) . (7.5)

The coordinates of pointA can be obtained by solvingdEc1

dEc2
= −1.

The coordinates of the intersection point ofPb1 = β1 andPb2 = β2, point C, can

be obtained from the solutions of a fifth order polynomial, obtained by substitutingEc2

in (7.4) by the RHS of (7.5). The coordinates of pointsA, B and C can be solved

numerically.

7.2.1.2 Equal power allocation

For the case of EPA, both users are transmitting at equal power level. This requires one

more constraints to the OPA given above, and the optimization problem can be formu-

lated as

min (Ec1 + Ec2) (7.6)

s.t. Pb1(Ec1, Ec2) ≤ β1, Pb2(Ec1, Ec2) ≤ β2

andEc1 − Ec2 = 0.

As shown in Fig. 7.1, the shaded area can guarantee the BEPs of the pair of users,

and the intersection point of the equal power line with the boundary of the shaded area,

pointE, corresponds to the optimal solution.

Using the QS-CD system, by substitutingEc1 = Ec2 into (7.4) and (7.5), the coordi-

nates of pointsD andE can be obtained, respectively. BetweenD andE, the point with

the higher power level can satisfy both conditionsPb1 ≤ β1 andPb2 ≤ β2, and it will be

the optimal equal-power solution for the QS-CD system proposed in chapter 4.
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Remarks:For regenerate and forwardCD systems, if the user can have different

power levels for transmission and relaying [47, 50, 51, 73], the optimization problem

can be solved using the approach is in the next subsection foramplify and forwardCD

systems.

7.2.2 Power allocation for amplify and forward CD systems

7.2.2.1 Optimal power allocation

Let ES
bi

andER
bi

be the energy spent by useri to transmit and relay a bit, respectively. For

theamplify and forwardCD system, the OPA problem is

min
(
ES

b1 + ER
b1 + ES

b2 + ER
b2

)
(7.7)

s.t. Pb1 ≤ β1 andPb2 ≤ β2.

Here,β1 andβ2 are the maximum tolerable BEP for user1 and user2, respectively.

Pb1 is a function ofES
b1 andER

b2, andPb2 is a function ofES
b2 andER

b1. Since each

user can use different power levels for transmitting and relaying,ES
bi andER

bi are inde-

pendent of each other. Therefore, the optimization problem can be decomposed into two

independent optimization problems

min
(
ES

b1 + ER
b2

)
(7.8)

s.t. Pb1(E
S
b1, E

R
b2) ≤ β1,

and

min
(
ES

b2 + ER
b1

)
(7.9)

s.t. Pb2(E
S
b2, E

R
b1) ≤ β2.

Notice that for a given BEP of a user, the transmission power of the user is always

a non-increasing continuous convex function of the relay power of its partner, and vice
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Figure 7.2: Power allocation problem ofamplify and forward

versa, as shown in Fig. 7.2. To minimize the energy consumption(ES
b1 + ER

b2) with

constraintPb1 ≤ β1, the optimal operating point is the tangent point of the dotted curve

touched by the line with slope−1, i.e., point B in Fig. 7.2. This is because all the points

on the line with slope−1 correspond to the same value of(ES
b1 + ER

b2), and all other

points on the dotted curve have higher total energy level than that of point B. Similarly,

the solution for problem (7.9) is the tangent point of the solid curve touched by the line

with slope−1, i.e., point A in Fig. 7.2.

We verify this by using theamplify and forwardCD system proposed in [49]. Let

k1 =
σ2
1,2

σ2
1,B

andk2 =
σ2
2,1

σ2
2,B

. Because of the broadcast nature of the channel,γ̄1,2 = k1γ̄1

andγ̄2,1 = k2γ̄2. Furthermore,σ2
2,B = k1

k2
σ2

1,B because of the reciprocity of the interuser

channel (σ2
1,2 = σ2

2,1). The minimal relay power can be obtained as a function of the
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transmission power and the required BEP:

ER
b2 =

3k2N
2
0 ES

b1(
16k1Pb1σ4

1,B(ES
b1)

2 − 3N2
0

) . (7.10)

By solving dER
b2

dES
b1

= −1, the optimal solutions ofES
b1 andER

b2 can be written as

ES
b1 =

N0

σ2
1,B

(
6 + 3k2 +

√
9k2

2 + 72k2

32k1Pb1

)1/2

and (7.11)

ER
b2 =

(
2k2

k2 +
√

k2
2 + 8k2

)
N0

σ2
1,B

(7.12)

×
(

6 + 3k2 +
√

9k2
2 + 72k2

32k1Pb1

)1/2

. (7.13)

Similarly, for user 2,

ER
b1 =

3k1k2N
2
0 ES

b2(
16k2

1Pb2σ4
1,B(ES

b2)
2 − 3k2N2

0

) . (7.14)

By solving dER
b1

dES
b2

= −1, the optimal solutions ofES
b2 andER

b1 can be written as

ES
b2 =

N0

σ2
1,B

(
6k2 + 3k1k2 +

√
9k2

2k
2
1 + 72k2

2k1

32k2
1Pb1

)1/2

(7.15)

and

ER
b1 =

(
2k1

k1 +
√

k2
1 + 8k1

)
N0

σ2
1,B

× (7.16)

(
6k2 + 3k1k2 +

√
9k2

2k
2
1 + 72k2

2k1

32k2
1Pb1

)1/2

. (7.17)

7.2.2.2 Equal power allocation

To maximize the lifetime of the cooperative pair in static networks, equal power alloca-

tion is preferred. Since energy usage level of both users are the same, we should add
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another constraint to the OPA. The optimization problem with equal power constraints

can be formulated as

min
(
ES

b1 + ER
b2

)
(7.18)

s.t. Pb1(E
S
b1, E

R
b2) ≤ β1 andES

b1 − ER
b2 = 0,

and

min
(
ES

b2 + ER
b1

)
(7.19)

s.t. Pb2(E
S
b2, E

R
b1) ≤ β2 andES

b2 − ER
b1 = 0.

Obviously, for (7.18), the optimal operating point is the intersection of the equal

power line (the line with slope1 and passing through the origin) and the dotted curve,

i.e., pointC in Fig. 7.2. For the CD system in [49], the optimal solution is given by

ES
b1 = ER

b2 =

√
3N2

0 (1 + k2)

16k1Pb1σ4
1,B

(7.20)

For (7.19), the intersection pointD in Fig. 7.2 corresponds to the optimal solution given

by

ES
b2 = ER

b1 =

√
3N2

0 k2(1 + k1)

16k2
1Pb2σ4

1,4

(7.21)

7.2.3 Optimal partner location

To facilitate the derivation of the matching algorithm, we study the location of the optimal

partner based on OPA. It is trivial to prove that the optimal partners’ locations which

maximize the cooperative energy gain of the pair and minimize the power consumption

rate of the user are both on the line connecting the source and the destination (BS).

Therefore, in the following, we determine the optimal locations of the partners in the

one-dimensional line segment between the source and the destination.
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Figure 7.3: 1-D analysis ofregenerate and forwardCD Scheme

Assume that the average CSI is proportional to the respective distance raised to the

powerα, i.e.,σ2
1,B ∝ d−α

1,B, σ2
2,B ∝ d−α

2,B andσ2
1,2 ∝ d−α

1,2
, where the path loss exponentα

takes the value between2 to 6. Definemaximum unit energy= max{ES
b1, E

S
b2, E

R
b1, E

R
b2},

andsaved unit energy= Eb1+Eb2−ES
b1−ES

b2−ER
b1−ER

b2. Consider a pair of users, user

2 is located on the line between the BS and user1. By substitutingPb1 = Pb2 = 10−3,

B = 128, N0 = 1 unit power/Hz, the CSIs in terms of normalized distance, andα = 3,

we demonstrate the trends ofmaximum unit energyandsaved unit energyfor the CD

systems with OPA and EPA, respectively.

In Figs. 7.3 and 7.4, the x-axis represents the location of the partner, while the des-

tination is located atx = 0, and the source is located atx = 1 (the source-destination

distance is normalized to one unit). The y-axis of Fig. 7.3(a) represents themaximum unit

energyof the pair with theregenerate and forwardCD system, and the optimal location

of the partner for minimizing the energy consumption of the source arex = 0.65 and

x = 0.57 for OPA and EPA, respectively. Fig. 7.3(b) shows that thesaved unit energyof
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Figure 7.4: 1-D analysis ofamplify and forwardCD system

the cooperative pair for both power allocation systems is maximized whenx = 1. From

a user’s point of view, its optimal partner’s location is close to the mid-point between

itself and the destination; on the other hand, to maximize the total energy saving for the

pair of users, the two users should be collocated. As shown in Fig. 7.4(a) for the case of

amplify and forwardCD system,maximum unit energyis minimized whenx = 0.58 and

x = 0.50 for OPA and EPA, respectively, and the behavior ofsaved unit energyin Fig.

7.4(b) is similar to that of theregenerate and forwardbased CD system.

A two dimensional plot of cooperative region of bothamplify and forwardandregen-

erate and forwardsystems, considering the source’s gain, is shown in Figs. 7.5 and 7.6,

respectively. The solid curves in the figures correspond to the case with OPA, and the

dotted curves correspond to the case with EPA. It can be seen that the OPA enlarges the

cooperative region contour with fixed CD gain for the pair, especially when the partner is

far away from the source, and their optimal power levels are quite different. The contours
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Figure 7.5: Cooperative region ofregenerate and forwardsystem for both power alloca-

tion

of the cooperative region in these figures can help to locate the best partner of any user

and to explain the numerical results presented in section 7.4.

7.3 Improved WLF Matching Algorithm

A worst-link-first matching algorithm which maximizes the total energy gain of the

pair (WLF-MaxGain) is proposed in Chapter 6. The WLF-MaxGain algorithm gives

the user with the worse channel condition and higher energy consumption rate a higher

priority to choose its partner. The computational complexity of the WLF-MaxGain algo-

rithm isO(n2). The WLF-MaxGain algorithm performs better than the Greedy matching

algorithm in [62] for mobile networks, while exhibiting similar performance in static net-
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Figure 7.6: Cooperative region ofamplify and forwardsystem for both power allocation

works.

For the cases of MW and WLF-MaxGain, the weight of a pair of users is the energy

saved by cooperation between usersi andj over no cooperation. If there is no energy

saved, the two users will just use the non-cooperative scheme, and the weight of the edge

linking them is zero. Thus, the weight is always non-negative, and a positive weight

represents the energy gain of cooperation over no cooperation.

The question is whether using the energy gain of a pair as the weight is the best

choice for WLF matching or not. Consider a scenario with four users: usersu1 andu2 be

collocated at the pointx = 1, and usersu3 andu4 be collocated atx = 0.5. According

to Fig. 7.4, with the WLF-MaxGain,u1 andu2 will be grouped since the energy saved

by them,w(e1,2) ≈ 440 units, is the maximum among all pairs (w(e1,3), w(e1,4), w(e2,3),

w(e2,4), andw(e3,4)), andu3 andu4 will be grouped thereafter. The total energy saved

by the two pairs is around440(1 + 0.5α) = 495 units. If u1 is grouped withu3, andu2
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is grouped withu4, the total energy saved is around265 × 2 = 530 units. Therefore,

maximizing the energy saved by a pair does not lead to maximizing the energy saved in

the network. Motivated by this example, we propose to use the maximum energy spent

by the pair of users as a weight for matching, and we refer to this scheme as WLF-

MinMaxEnergy matching. The WLF-MaxGain matching algorithm is given in Table

7.1.

Table 7.1: WLF-MinMaxEnergy Matching Algorithm:

1. The BS selects an unmatched user i with the worst

channel quality among all unmatched users.

2. The BS selects an unmatched user j

such that max(ES
bi + ER

bi , E
S
bj + ER

bj) is minimized among

all max(ES
bi + ER

bi , E
S
bk + ER

bk), where k is an unmatched

user other than i.

3. Repeat steps 1) and 2) until the number of

unmatched users is less than two.

The numerical results in the next section demonstrate that the performance of the

WLF-MinMaxEnergy algorithm is very close to that of the optimal MW matching algo-

rithm, and it outperforms the WLF-MaxGain algorithm by a large margin.

Since WLF-MaxGain tends to maximize the energy saving by a pair of users, not

necessary the energy saving by the user with the worst link according to the results in

sub section 7.2.3, we use the maximum energy spent by the cooperating users as the

weight,w(ei,k). The matching algorithm of WLF-MinMaxEnergy is similar to that of

WLF-MaxGain, except that the weights used for the pair of users being matched in step

2) are different: The BS selects an unmatched userj such thatmax(ES
bi +ER

bi , E
S
bj +ER

bj)

is minimized among allmax(ES
bi + ER

bi , E
S
bk + ER

bk), wherek is an unmatched user other
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than i. Both the WLF-MaxGain and WLF-MinMaxEnergy algorithms have computa-

tional complexity ofO(n2). In step (2) of both algorithms, if it is difficult to obtain the

instantaneous interuser channel condition, the BS can use the location information and

the cooperative region obtained in the previous section to choose the best partner for the

user. In addition, the WLF algorithms can potentially be implemented in a distributed

manner: each user chooses its desired partner; if there is any conflict, the user far away

from the BS (or has worst channel condition to the BS) has a higher priority. The un-

paired users will continue to choose their desired partners from the remained unpaired

users, and the procedure repeats till we cannot pair any users among the remaining un-

paired ones.

It is easy to prove that the distributed WLF matching result is stable. First, the al-

gorithm terminates with at mostbNU/2c iterations, since each iteration will result in at

least one pair. Second, for any unpaired user, it cannot break the existing pairs since at

least one user of any existing pair has higher priority than the unpaired user. Third, for

any two pairs of users, (u11, u12) and (u21, u22), they cannot exchange partners. Without

loss of generality, we assumeui1 has higher priority thanui2 for i = 1, 2, andu11 has

higher priority thanu21. Sinceu11 has the highest priority among all users, it can choose

its desired partneru12, and no other users can chooseu12. Thus, the matching is stable.

7.4 Numerical Results

We present the numerical results of the three matching algorithms with the OPA and

the EPA for both CD schemes in a network. We simulate a wireless network where the

coordinates of the BS are (0, 0). NU users are randomly placed on a unit disk centered

at the BS as given in Fig. 6.1. Both the interuser channels (channels between two users)

and the channel between a user and the BS are assumed to have quasi-static flat Rayleigh

fading. We assume that the BS can track the user locations, and thus estimate their pair-
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Figure 7.7: Average energy gain,GE, of regenerate and forwardschemes for both OPA

and EPA

wise distances and average CSIs which are inversely proportional todα. By substituting

β1 = β2 = 10−3, NS = 128, N0 = 1 unit power/Hz andα = 3, the average energy

required for no cooperation and with cooperation are calculated. Matching is performed

by the BS according to theN2
U weights, and the users will be grouped according to the

matching results. The weights used in the MW and WLF-MaxGain matching algorithms

are the cooperative diversity energy gains of each pair of users using the OPA strategy;

and the weights used in the WLF-MinMaxEnergy matching algorithm are the maximum

energy levels of the pair of cooperative users. Since cooperation is not always beneficial,

a pair can choose not to cooperate if there is no cooperative diversity energy gain for

them, and they communicate with the BS using a conventional non-cooperative scheme.

Cell cooperative diversity gain, which is the energy gain of a cell with user cooperation

over a cell without user cooperation, is defined as in Chapter 6

GE = 10 log10

( ∑NU

i=1 Eno
bi∑NP

i=1(E
S
bi + ER

bi) +
∑NU

i=NP +1 Eno
bi

)
, (7.22)
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Figure 7.8: Average energy gain,GE, of amplify and forwardscheme for both OPA and

EPA

where the firstNP users are paired to have cooperation and the remaining(NU − NP )

users have no partners. Since
∑NU

i=1 Eno
bi is a constant independent of matching,GE is

maximized when
∑NP

i=1(E
S
bi + ER

bi) is minimized. Different user deployments are gener-

ated by using different random seeds. We vary the number of active users in the network

from 10 to 100 in order to consider both the low-density and high-density scenarios. The

average energy gain vs. number of users is shown in Figs. 7.7 and 7.8 for bothregenerate

and forwardandamplify and forwardCD schemes, respectively.

In the figures, the solid curves are those with OPA and the dotted curves are those with

EPA. Both figures show that with the MW or WLF-MinMaxEnergy matching algorithms,

the OPA can enhance the total energy gain by about0.5 dB to 1 dB (or around10% to

25% improvement) over EPA. The gap for theregenerate and forwardCD scheme is

larger than that for theamplify and forwardCD scheme.
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With the WLF-MaxGain matching algorithm, the difference in performance between

the two power allocation schemes is negligible, especially when the number of users in

the cell is large. This is because, with the WLF-MaxGain algorithm, the BS tends to

choose a partner close to the user for cooperation to maximize their cooperative energy

gain. When the two users are close, their OPA result is similar to that of EPA.

On the other hand, the figures show that the performance of the WLF-MinMaxEnergy

is close to that of the optimal MW matching algorithm, when the OPA scheme is used.

For theamplify and forwardCD scheme, the performance of WLF-MinMaxEnergy with

the EPA is much worse. This is because the BS tends to choose a partner sitting close

to the mid-point between the user and the BS, and the results with EPA and OPA are

quite different. The numerical results also demonstrate that the WLF-MaxGain performs

much worse than the WLF-MinMaxEnergy, as shown in Figs. 7.7 and 7.8. Furthermore,

the averageGE increases with the number of users in the low user density region and

saturates in the higher user density region.

7.5 Summary

We have derived optimal power allocation strategies for both theregenerate and forward

and theamplify and forwardCD schemes, with and without the equal power allocation

constraint, and studied the optimal location of a partner. Based on the analytical results,

we have also proposed a non-bipartite stable matching algorithm that can achieve close

to optimal cooperative diversity gain in a wireless cellular network. We have demon-

strated the effectiveness and the efficiency of the proposed WLF-MinMaxEnergy match-

ing algorithm using the optimal power allocation strategy. It is shown that a9 ∼ 10 dB

cooperative diversity gain can be achieved, which is equivalent to prolonging the cell

phone battery recharge time by about10 times.

In addition, the numerical results demonstrate the importance of the combination
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of power allocation and partner selection. In order to achieve high energy gain for the

cell, the combination of OPA with the WLF-MinMaxEnergy matching algorithm is more

desirable from an implementation point of view.
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Chapter 8

Conclusions and Future Work

In this chapter, the dissertation is concluded by summarizing the contributions and propos-

ing the future research directions.

8.1 Summary of Contributions

8.1.1 Quadrature Signaling based CD Systems

Firstly, an energy and power efficientfixed regenerate and forwardquadrature signaling

based cooperative diversity (QS-CD) system has been proposed. Secondly, anadaptive

regenerate and forwardQS-CD system to send M-QAM signals is proposed and ana-

lyzed. Both QS-CD systems can easily be switched between the cooperative and the

non-cooperative modes of operation. The bit error performance of both QS-CD systems

can be improved when the interuser channel signal strength increases and the proposed

scheme can achieve maximum diversity order of two. In addition, the cooperation is

beneficial not only for a user far from the BS but also for a user near the BS. In contrast

to a fixed QS-CD system, the adaptive QS-CD system with the expense of additional
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signaling performs better than an NCD system even when the interuser channel is worse

than the user-to-BS channel. Notably, the QS-CD system is less complex and easy to

implement compared with the existing CD systems in the literature.

8.1.2 QS-CD-ARQ System

We have introduced a generalized framework for analyzing the performance of adaptive

relaying schemes in CD-ARQ systems. The framework is applied to our QS-CD system

and compared with existing CD-ARQ schemes in the literature such as SC-CD-ARQ

and DSTBC-CD-ARQ. The performance of the CD-ARQ schemes is studied and the

complexity of the schemes is discussed. It is shown that our QS-CD-ARQ outperforms

other schemes when the sender is cooperating with a partner who provides a good sender-

to-partner and partner-to-destination link. From the implementation point of view, QS-

CD-ARQ is more favorable since radio resources can be allocated for long duration and

the partner does not need to be aware of the ARQ.

8.1.3 WLF Matching Algorithm

We have studied the energy gain provided by four matching algorithms, the MW, Greedy,

random, and the proposed WLF-MaxGain matching algorithms, with computational com-

plexity of O(N3
U),O(N2

U log NU), O(NU), andO(N2
U), respectively, for both fixed and

adaptive CD systems. We have further proposed how to optimally match mobile users

considering user mobility. It is shown that by intelligently applying user mobility infor-

mation in the matching algorithm, high energy gain is achievable with moderate overhead

in mobile networks. In addition, our study provides insights into the tradeoff between

matching overhead and energy gain in a wireless network, which is an important step

toward practically deploying CD systems in wireless networks. Moreover, the adaptive

CD system outperforms the fixed CD system by 1-2 dB.
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8.1.4 Joint Power Allocation and Partner Selection

We have derived optimal power allocation strategies for both theregenerate and forward

and theamplify and forwardCD schemes, with and without the equal power alloca-

tion constraint, and studied the optimal location of a partner. By jointly considering

the power allocation and matching, the modified WLF matching algorithm, referred to

WLF-MinMaxEnergy, can achieve close-to-optimal cooperative diversity gain in a wire-

less network. We have demonstrated the effectiveness and the efficiency of the proposed

WLF-MinMaxEnergy matching algorithm using the optimal power allocation strategy. It

is shown that a9 ∼ 10 dB cooperative diversity gain can be achieved, which is equivalent

to prolonging the cell phone battery recharge time by nearly10 times. In addition, the

numerical results demonstrate the importance of the combination of power allocation and

partner selection. In order to achieve high energy gain for the cell, the combination of

OPA with the WLF-MinMaxEnergy matching algorithm is more desirable to implement.

8.2 Future Work

Even though several research contributions has been made in this dissertation for cooper-

ative communication systems, there are a number of research topics need to be explored

as extensions of this work.

8.2.1 Interuser Channel Estimation of QS-CD Systems

In this thesis, the channel state information is assumed to be available at the respective

receivers. For implementation, the channel should be estimated using training and pilot

symbols. Since the cooperative communication systems are more vulnerable to interuser

communication errors, the interuser channel estimation errors degrades the overall sys-

tem performance. The proposed QS-CD system has an advantage in interuser channel

139



estimation by utilizing the previously transmitted frame of symbols as training symbols.

It gives the practical importance to QS-CD system. In this topic, we would like to study

the closeness of the estimated channel to the perfect channel and the performance of the

QS-CD system with channel estimation.

8.2.2 Wideband Communication Systems

We consider a narrowband wireless communication system which implies that the chan-

nel is assumed as frequency flat fading. But, most of the current communication sys-

tem are experiencing frequency selective channels due to high data rate (wide band sys-

tem). Therefore, the proposed QS-CD system should accommodate the techniques such

as frequency domain equalization (FDE), orthogonal frequency division multiplexing

(OFDM), rake receivers, etc., to mitigate the frequency selectivity. In this context, per-

formance study, power allocation, partner selection and other aspects of CD system could

be re-investigated.

8.2.3 Spread Spectrum System

In the proposed QS-CD system, multiple access techniques such as time division multiple

access (TDMA) and frequency division multiple access (FDMA) has been taken into

account. The QS-CD system has limited direct application to CDMA system due to the

half-duplex constraint. This problem can be overcome by allocating two frequency band

instead of one for a cell of the CDMA system. So, a user belonging to frequency band 1

can listen to the partner from frequency band 2 while the user is transmitting in the uplink

and vice-versa. To implement the proposed cooperative CDMA system the following two

aspects need to be addressed: (i) What is the tradeoff between the spreading gain versus

cooperative diversity gain? (ii) How to assign users for each sub-band? In addition, well

known challenges such as power allocation, multiple access interference cancellation,
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multiuser detection, etc. of the CDMA systems need to be explored.

8.2.4 Partner Selection With Partial Side Information

In Chapters 6 and 7, the partner selection algorithms assumed that the global side in-

formation (interuser CSIs, user-to-BS CSIs, requested power, etc.) of users is available

at the BS. In reality, for example, estimating all interuser channels is not feasible. It

would be of practical importance to investigate the partner selection with partial side in-

formation. We found that our proposed WLF algorithm is a potential candidate for this

scenario and it could be integrated with the channel estimation techniques. This is a rich

area for future research.

8.3 Final Remarks

In this dissertation, our main objective is to propose a cooperative diversity system with

minimal modification over existing point-point communication system. The proposed

QS-CD and WLF matching consider practical implementation problems and provide near

optimal performance such that the QS-CD system achieves full diversity order available

and the WLF yields performance close to the optimal MW algorithm. The approaches

and frameworks proposed in this thesis such as power allocation framework, optimization

approach, non-bipartite matching problem formulation and Markov modeling of cooper-

ative channels, are not restricted to QS-CD systems and can be utilized to analyze other

CD systems as well.
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Appendix A

List of Abbreviations

2I1O Two-input and one-output

ACK Acknowledgement

ARQ Automatic repeat request

BEP Bit error probability

BFSK Binary frequency shift keying

BPSK Binary phase shift keying

BS Base station

CD Cooperative diversity

CDMA Code division multiple access

CDF Cumulative distribution function

CRC Cyclic redundancy checksum

CSI Channel state information

dB Decibel

dMRC Differential maximum ratio combining

dSNR Differential signal-to-noise-ratio

DSTBC Distributed space-time block coding

DSTC Distributed space-time coding
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EGC Equal gain combining

EPA Equal power allocation

FDE Frequency domain equalization

FDMA Frequency division multiple access

FEP Frame error probability

GSM Global system for mobile communications

I-PAM I-ary pulse amplitude modulation

ISNR Interuser signal-to-noise-ratio

LLR Log-likelihood ratio

M-QAM M-ary quadrature amplitude modulation

MAP Maximum a posteriori

MaxGain Maximizing gain

MIMO Multiple input and multiple output

MinMaxEnergy Minimizing maximum energy

MISO Multiple input and single output

ML Maximum likelihood

MMS Multimedia message services

MRC Maximum ratio combining

MW Maximum weighted

NAK Negative acknowledgement

NCD Non-cooperative diversity

OFDM Orthogonal frequency division multiplexing

OFDMA Orthogonal frequency division multiple access

OPA Optimal power allocation

PDF Probability density function

PEP Pairwise error probability

PLR Packet loss rate

PSK Phase shift keying
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PSA Partner selection algorithm

QoS Quality of service

QPSK Quadrature phase shift keying

QS Quadrature signaling

RCPC Rate compatible punctured code

RCPT Rate compatible turbo code

SC Selection Combining

SEP Symbol error probability

SINR Signal-to-interference-plus-noise-ratio

SNR Signal-to-noise-ratio

STBC Space-time block code

STC Space-time code

TDMA Time division multiple access

UWB Ultra wideband

WLAN Wireless local area network

WLF Worst link first
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Appendix B

List of Symbols

b.c Integer which is greater than or equal to its argument

[.]∗ Complex conjugate transpose operator

[.]T Transpose operator

|.| Amplitude operator

2F1(., .; .; .) Gauss hypergeometric function

ai(.) I-PAM symbols of useri

āi(.) I-PAM symbols of useri which is reproduced at the partner

ãi(.) I-PAM symbols of useri which is detected at the BS

arg min Argument which gives minimum

bi(.) BPSK symbol transmitted by useri

b̂i(.) Detected BPSK symbol at BS of useri

b̌i(.) Soft decision of the BPSK symbol transmitted

by useri at the partner

b̃i(.) Soft decision of the BPSK symbol transmitted

by useri at the BS

b̄i(.) Regenerated BPSK symbol at the partner which is transmitted

by useri
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c Velocity of light

d0 Reference distance

di,B Distance between useri and BS

di,j Distance between useri and userj

dSNRi Differential SNR

E{} Expectation operator

Eb Bit energy spent by each user in NCD

Ebi Bit energy spent by useri in NCD

Eci Bit energy spent by useri when source and relaying bits

have equal energy

ER
bi Bit energy spent for relaying bit at useri when cooperating

ES
bi Bit energy spent for source’s bit at useri when cooperating

ei,j Edge between useri and userj

exp exponential function

fc Carrier frequency

fd Doppler frequency

fi,B Doppler frequency shift of useri at the BS

fi,j Doppler frequency shift of useri at userj

G = {V , E} A graph, whereV is a set of vertices andE ⊆ V × V is

a set of edges between vertices

Gc Coding gain

Gd Diversity gain

Gcd Cooperative diversity energy gain

GE Energy gain of the network with cooperative

over that without cooperation (in dB)

Gi,j Energy gain of cooperation between usersi andj

H Channel matrix

h0 Fading coefficient of the channel from sender to reference point
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hi,B(.) Fading coefficient of the channel from useri to BS

hi,j(.) Fading coefficient of the channel from useri to userj

={Z} Imaginary part of complex numberZ

Iν νth order modified Bessel function

J0(.) Zeroth order Bessel function first kind

mC Nakagami fading figure of the combined channel

mi,B Nakagami fading figure of the channel between useri and BS

mi,j Nakagami fading figure of the channel between useri and userj

n Discrete time index

N0 Noise power spectral density

Ne|m Number of symbol errors in a frame due to error

in themth bit of the symbol

Nf Number of frames in a packet

Nmax
r Maximum number of re-try

NP Total number of users paired in a cell

NS Number of symbols in a frame

NU Total number of active users in a cell

P (.) Probability operator

p(.) Probability density function

p(., .) Joint probability density function

Pbi BEP of useri

P c
dMRC(.) Average BEP of dMRC

PL
dMRC Lower bound of average BEP of dMRC

Pe Average BEP of the CD system

P c
e Instantaneous or conditional BEP of the CD system

PL
e Lower bound of BEP of the CD system

PFEP Interuser frame error probability

Pi,j BEP at userj for the transmission from useri
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PMRC Average BEP of MRC

P c
MRC(.) Instantaneous BEP of MRC

PNC BEP of the con-cooperative system

PNH BEP of the system when no help from partner

Q(.) Complementary error function

qGG, qGB, qBG andqBB State transition probabilities of

two state (BAD and GOOD) Markov chain

<{Z} Real part of complex numberZ

R Radius of the cell centered at the BS

r Received signal vector

rC,k(.) kth multipath branch of the combined signal

Ri,B Normalized distance between useri and BS

ri,B(.) Received signal at the BS from useri

Ri,j Normalized distance between useri and userj

ri,j(.) Received signal at userj from useri

ri,B,k(.) kth multipath branch of the signal received at BS from useri

S A matchingsubset ofE if no two edges inS share the same vertices

S(.) State of a Markov chain

sign Sign function

SC(.) State of the Markov model of the combined channel

SI Set of I-PAM information symbols

si(.) Signal transmitted by useri

Si,j(.) State of the Markov model of the channel from useri to userj

Si,B(.) State of the Markov model of the channel from useri to BS

SNRT SNR threshold

T The period of matching algorithm being executed

T andT̄ Transition probability matrix of the Markov chain

t Time instant
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Tf Frame duration

TS Symbol duration

v Velocity of the user

Vmax The max velocity of mobile users

Vnorm The normalized max velocity of mobile users

w(ei,j) The energy gain by cooperation between the two

usersi andj over no cooperation

X Transmitted frame

X̂ Received frame

α Path loss coefficient

βi Maximum tolerable BEP of useri

Γ(.) Gamma function

γ Effective SNR at the receiver

γ(., .) Incomplete Gamma function

γ0 SNR at reference point for sender’s transmission

γi SNR at BS for useri’s transmission

γi,j SNR at userj for useri’s transmission

γ̄i Average SNR at BS for useri’s transmission

γ̄nc
i SNR at BS for useri’s non-cooperative transmission

γ̄i,j Average SNR at userj for useri’s transmission

∆ Signal threshold

ηi,B(.) Noise picked at the BS while receiving signal from useri

ηi,j(.) Noise picked at userj while receiving signal from useri

Θ Indicator of decoding error

ξ Channel efficiency

ζ Throughput

πG Steady state probability of being in GOOD state

πB Steady state probability of being in BAD state
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ρ Correlation coefficient

ρi,B Correlation coefficient of the channel from useri to BS channel

ρi,j Correlation coefficient of the channel from useri to userj

ρC Correlation coefficient of the combined channel

σ2
i,B Variance of the fading channel coefficient

for the channel from useri to BS

σ2
i,j Variance of the fading channel coefficient

for the channel from useri to userj

φγ(jω) Characteristics function ofγ

Ω Nakagami fading signal power

Ωi,B Nakagami fading signal power of the channel from useri to BS

Ωi,j Nakagami fading signal power of the channel from useri to userj

ΩC Nakagami fading signal power of the combined channel
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