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Abstract

In this thesis, performance of cooperative relaying with multi-antenna system in Rayleigh/Nakagami-m

fading channels has been investigated. The relay is assumed to operate in adaptive decode and forward

mode and perform threshold based decoding. Installation of multiple receiving antennas on infrastruc-

ture based fixed relay is feasible thereby increasing the probability of relay participation and hence

diversity order may be increased for systems which contain such relays. Such systems in different

configurations have been analyzed in various path-loss conditions, severity of fading, relay placement

at different locations and antennas installed on it. It has been found that for some locations of relay

placement, performance of system depends only marginally on the number of antennas installed on

relay and combining schemes at relay and destination. System performance can be improved signifi-

cantly by appropriately positioning the relay. For such positioning, system performance depends to a

considerable extent on number of antennas on the relay and the combining schemes at relay and des-

tination. Performance of a system in which two cooperative single antenna user nodes communicate

with multi-antenna destination has been analyzed and compared with the performance of a conven-

tional single input multiple output (SIMO) system. System performance has been analyzed in various

path-loss conditions, severity of fading and different number of antennas installed on destination. At

higher path-loss condition, communication through intermediate relay node has been found to be supe-

rior to SIMO system because relay intermediately boost the signal. In such scenario, performance of

cooperative relay network is equivalent or may even outperform SIMO system of same diversity order.

Due to half duplex nature of relay operation, spectral efficiency suffers with the increase in number of

relays. Opportunistic relaying with multiple relays addresses this issue and the same has been studied

in this thesis. However, in such system model, a lot of control signal exchange may be required if

channel is rapidly changing which reduces the actual throughput. Cooperative relay system in which

signals received from all potential relays are coherently combined at the destination has also been stud-

ied. In this case, less number of relay cooperation is better at lower SNR because most of time relay

will not decode the message and unnecessary wastage of spectrum efficiency will take place. At higher

SNR, more number of relay assisted transmission is superior because probability of relay participation

increases. The investigations reported in this thesis are expected to be useful in design of cooperative

relaying schemes with multi-antenna systems.

TH-993_06610202
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Chapter 1

Introduction

The field of high data rate, spectrally efficient, and reliable wireless communications is currently

receiving much attention. High data rate wireless communication services are to deal with the problems

of power and bandwidth restriction and operate over a harsh multi-path fading channel. It was found

that multiple-input multiple-output (MIMO) systems, whereby multiple antennas are employed at both

the transmitter and receiver, offer large gain in capacity [Gol05]. For the last two decades, researchers

are working on various aspects of MIMO systems. From the implementation point of view, there are

still difficulties in accommodating multiple antennas in many types of wireless terminals and therefore

the benefits promised by MIMO are yet to be fully exploited. A new technique called cooperative relay-

ing [NHH04], in which spatially distributed nodes cooperate to improve the quality of communication

between two nodes, is emerging as a topic of increasing interest. Cooperative relaying creates a virtual

MIMO system by using the relay as both transmitter as well as receiver. The message received at the

destination through direct path is buffered and subsequently combined with the signal received through

relay path. Diversity gain thus can be obtained, even though the destination is a single antenna terminal.

Such technology has potential for applications in sensor network, ad-hoc network and cellular network.

In high path-loss scenarios, which occur in dense urban conditions, relay based communication have

been found to perform better than direct transmission because it intermediately boost the signal strength

and provide protection against multi-path fading [LK08]. The idea of cooperative relaying is different

from the traditional relaying and other techniques (such as fixed mobile coverage, in-building solutions,

repetition of transmission in code division multiple access (CDMA) by multiple transmitters etc.) used

for high path-loss conditions. Cooperative relaying relies on exploiting the broadcast nature of wireless

channels through user terminal/infrastructure relay cooperation and it tries to increase the diversity at

the destination node. It is a well known fact that under fading conditions, the bit/symbol error rate can

1
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Figure 1.1: Two hop and three terminals cooperative relay network in different modes of operation
[NBK04].

be improved considerably by increasing the diversity gain as compared to boosting of received signal to

noise ratio (SNR). In a network environment cooperative relaying can provide extension of range and

better coverage in shadow zones. New type of spatial diversity achieved by mobile terminals have been

proposed in [SEA03a] and implementation issues have been discuss in [SEA03b]. Cooperative relay

network have wide scope of application in cognitive radio networks, where efficient utilization of the

radio spectrum is achieved by distributed radio sensing [ZBL09], [SGBNS07]. Fig. 1.1 shows the four

different time slot based approaches for the cooperation between source (s), relay (r) and destination

(d).

1.1 Previous Work

Cooperative relaying is a effective technique to combat multipath fading, improve system capacity

and enhance the coverage. This section provides a literature survey on the various aspects of coop-

erative relaying. Initially capacity analysis of Gaussian relay channel was comprehensively studied

in [CG79]. For network scenario capacity has been analyzed in [GK00]. Coding strategies that ex-

ploit node cooperation has been developed in [KGG05] for relay networks. Parallel relaying in ad hoc
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networks with space-time modulation is presented in [HCM]. In [HZF05], various relaying strategies

for wireless networks have been studied. End-to-end error and outage performance of non-regenerative

relay network have been presented in [HA03a]. Here, all nodes are equipped with single antenna

which operates in Nakagami-m fading channel. Approximate error rate and outage have been ana-

lyzed in [IA07b] for Nakagami-m fading channel with the help of numerical evaluation technique.

Outage probability of multi-hop amplify and forward relay systems have been analyzed in [CK10].

In [IA07a], closed form expressions of average bit error rate, amount of fading and outage probability

have been derived for Rayleigh-fading channel, when relay works in non-regenerative mode and desti-

nation performs equal gain combining. The moments-generating function, probability density function

and cumulative distribution function of an arbitrary cascaded Nakagami distributed channel are derived

in closed form in [KSM07]. In [KTM+05] and [KTM06], closed-form expressions are derived for the

moment generating function, the probability density function, and the cumulative distribution function

of the product of rational powers of statistically independent Gamma RVs. Here outage probability

and the average bit-error probability for phase and frequency-modulated signals are also studied. Ex-

act symbol error probability expression for spatially distributed and arbitrary number of amplifying

relays in a Rayleigh-fading environment has been derived in [AK04]. In [RCG05] and [RCG04], gen-

eral expression of symbol error rate has been derived for arbitrary number of cooperating branches,

arbitrary number of cooperating hops per branch, and various channel fading models. In [ZAL06], au-

thors derive expression of symbol error rate when selected relays with high contribution are allowed to

participate in communication. An amplify-and-forward relay network have been studied in [KK08a],

where a source communicates with the user having best channel conditions through an intermediate

relay that caters to multiple users. Probability density function and the cumulative density function

of the SNR received at the best user in Rayleigh fading channels are also derived. Spatial reuse of

relay time-slot in interference limited channel has been analyzed in [AV08] for amplify and forward

cooperative relaying. Performance of non-regenerative cooperative relay system with selection com-

bining at the destination over independent and nonidentical Nakagami-m fading channels has been

studied in [TKMS06]. Here, closed form expressions for outage probability, cumulative distribution

function and the probability density function of received SNR have been presented. In [HA03b], au-

thors have analyzed the end-to-end outage probability of multi-hop wireless communication systems

with non-regenerative relays over Nakagami-m fading channels. Collaboration in shadow-fading and

multi-user cooperative diversity is discussed in [EAK02] and [EK01]. Distributed Space-time coding

in cooperative diversity system is discussed in [AK03], [ALK06] [AK06] and [ALK03]. In [EGA03],
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authors have proposed a novel space-time filtering approach that achieves the optimal tradeoff between

diversity advantage and receiver complexity. They have also compared this approach with existing

space-time coding approach. Various low complexity protocols which exploit space diversity through

wireless relay terminals have been developed in [LTW04]. In [LW03], Laneman et al. have devel-

oped and analyzed distributed space-time coded cooperative diversity protocols for improving spectral

efficiency. In [BH06], closed form expression for outage probability in dissimilar Rayleigh fading is

presented. Approximate analysis of outage probability of selection cooperation for all SNR levels and

arbitrary channel distributions is given in [BA07]. Outage and diversity multiplexing tradeoff have

been analyzed in [LK10] for bidirectional communication protocols based on decode and forward Re-

laying. In [SSA06], outage behavior of cooperative relay network in Nakagami-m fading channel has

been discussed and closed form expression of outage probability for Rayleigh fading channel has been

established. Error performance has been analyzed in [AY06], when cooperative relay system operates

in asymmetric channels. In [CV08], outage performance of MIMO relay channel has been investi-

gated, when source and relay use same orthogonal space time block code. Probability of SNR gain

achieved by dual-hop relay over the single-hop SISO in Rayleigh fading channel have been discussed

in [LK08]. Average bit error rate for multi-hop Decode-and-Forward relay network in fading chan-

nel has been investigated in [MMJV+10]. For opportunistic relay network, closed form expression of

outage probability and average capacity have been derived in [IA10], when relays operate in adaptive

decode and forward mode. In [QJC+04], power allocation schemes for regenerative mode of operation

for both conventional and cooperative relaying have been presented. Various power allocation schemes

for regenerative and non-regenerative relaying in cellular scenario have been investigated in [JCYP04].

In [KA10], authors investigate the problems of optimal relay assignment and power allocation at the re-

lays for maximizing the sum rate of relay aided cellular network. In [SMY10], closed-form expressions

for the overall throughput and energy consumption for opportunistic relay network have been derived.

Selection cooperation in network scenario has been discussed in [BA08], where multiple sources trans-

mit their message and support each other to forward signals to their respective destinations. End-to end

error performance of selection cooperation has been discussed in [AFYP]. Closed form expressions

of outage probability and channel capacity with tight approximation over a sufficiently wide range of

SNR is presented in [AFY+09]. In [SS08], authors analyzed the various cooperative protocol for de-

code and forward relay network. Error performance of distributed space time coding for cooperative

relay network has been analyzed in [MTH04]. A closed-form expressions for outage probability of

single antenna relay network is analyzed in [RWWH09], where some of the practical issues like fre-
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quency reuse and signal leakage between the relay transmitter and receiver has also been addressed.

Installation of multiple receiving antennas on relay (Infrastructure based fixed relay) increases the prob-

ability of relay participation, hence diversity order may increased. Such relay are in close proximity

of power supply, so they donot have limited energy constraints like mobile relays. However, they may

have limited power constraint due to power amplifier design issues. In [TK08], optimum power alloca-

tion for multi-antenna relay network at the expense of increased computational complexity have been

presented. Expression of approximate bit error rate for such system has been established in [AY07].

1.2 Diversity Combining Strategies

In a wireless environment, the signals get faded due to the presence of multi-path. Spatial diversity

is as effective method of combating multi-path. Diversify is achieved through use of arrays or coopera-

tive relaying. The multiple copies of signals received through different diversity paths are appropriately

combined at the receiver. Hence, a brief description of the combining strategies have been presented

here:

¤ Selection combining (SC):In selection combining, diversity branch with the highest SNR of

individual component is choosen at receiver and co-phasing is not required.

¤ Switch and stay combining (SSC): Switch and stay combining is a simplified form of selection

combining. In this scheme, the receiver selects another branch only if SNR of the current branch

falls below the required threshold.

¤ Maximum-ratio combining: This is the most complex scheme in which all available paths are

optimally combined at the receiver. This scheme requires scaling and co-phasing of individual

paths. For MRC, SNR of individual paths may be below the desired threshold but the com-

bined SNR may be above the threshold. A variant of MRC is called EGC where the weights of

individual paths have equal magnitude.

¤ Generalized selection combining: In this scheme, receiver optimally combines only those paths

whose channel SNR are above a particular threshold. Performance and complexity of this com-

bining scheme is in between of selection combining and maximum-ratio combining.
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Figure 1.3: Parallel relay transmission topology.

1.3 Relaying Protocols

Cooperative communication exploits the broadcast nature of the wireless medium and allows ter-

minals to jointly transmit information through relaying. Such intermediate relay terminals may process

the signals as follows:

¤ Fixed Protocols: Such protocols can be further classified as

¤ Amplify and Forward (AF): This is an analog scheme, which works in non-regenerative

mode. In this scheme, a relay receives the signal, amplifies it and then retransmits it in the

next phase. Operation in this mode puts less processing burden on the relay, so it causes

much smaller delay, and hence is often preferred for delay sensitive traffic such as voice and

live video. Noise amplification is a major issue for such schemes.

¤ Decode and Forward (DF): This is a digital scheme, which works in regenerative mode.

In this scheme relay receive the signal, decode it and after encoding retransmit it in the next

time-slot. Noise does not prorogate to next stage but error may propagate. Processing time

is high, so it is not suitable for delay sensitive traffic.

¤ Decode and Re-encode (DR): In this protocol, codeword used to encode the message at

relay may different from the source. Therefore, additional redundancy can be achieved at

destination since it receives two copies of the same message encoded with different code-

words.
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¤ Adaptive Protocols: Fixed protocols suffers from noise/error propagation, which limits the per-

formance of relay based system. Cooperative relay system can adapt their transmission format

according to channel condition between source and relay. In the time-slot reserved for relay, relay

node can process the signal received from source if received SNR at relay is more than partic-

ular value else the relay remains silent. For the case when relay remains silent in its allocated

time-slot, source may retransmit the signal to destination or can choose more powerful codes for

combat fading.

¤ Incremental Protocols: In fixed and adaptive protocol, spectrum efficiency of the system suffers

because all the time source/relay has to repeat the message. Incremental protocols can dramat-

ically improve the spectrum efficiency of relay based system. For incorporating incremental

protocol, source requires limited feedback from destination. This can be done by broadcasting

single bit information, which indicates the success or failure of direct transmission. If desti-

nation gives positive feedback, channel is suitable for direct transmission. The relay does not

participates and spectrum efficiency of such mode becomes R. For the case when channel is not

suitable for direct transmission, destination can not decode the message transmitted from source,

it broadcasts a negative feedback which ensures the participation of relay. Now system spectrum

efficiency reduced to R/2 and destination try to decode the message by combining the signal

received via direct path and relay path.

1.4 Relay Transmission Topology

¤ Serial Relay Transmission: Serial relay transmission is used for long distance communication

and range-extension in shadowy region. It provides power gain. In this topology signal propa-

gates from one relay to another relay and the channels of neighboring hop are orthogonal to avoid

any interference. Fig. 1.2 shows the serial relay transmission topology.

¤ Parallel Relay Transmission: The serial relay transmission suffers from multi-path fading. For

outdoors and non-line of sight communication, signal wavelength may be large and installation of

multiple antennas are not possible. To increase the robustness against multi-path fading, parallel

relay transmission can be used. In this topology, signal propagate through multiple relay path

in same hop and destination combine the signals received with the help of various combining

schemes. It provides power gain and diversity gain simultaneously. Fig. 1.3 shows the parallel
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relay transmission topology.

1.5 Applications

This section highlights some of the areas where the cooperative relaying strategies can be applied.

¤ Virtual antenna array: The field of high-data-rate, spectrally efficient and reliable wireless

communication is currently receiving much attention. It is well known that the use of multiple-

input multiple-output (MIMO) antennas, improves the diversity gain of wireless systems. How-

ever, multi-antenna techniques is not attractive for tiny wireless nodes due to limited hardware

and signal processing capability. Diversity can be achieved through user cooperation, whereby

mobile users share their physical resources to create a virtual array, which removes the burden of

multiple antennas on wireless terminals.

¤ Wireless Ad-hoc network: Ad hoc network is an autonomous and self organizing network with-

out any centralized controller or pre-established infrastructure. In this network randomly dis-

tributed nodes forms a temporary functional network and support seamless leaving or joining of

nodes. Such network has been successfully deployed for military communication and have lot of

potential for civilian applications include commercial and educational use, disaster management,

road vehicle network etc.

¤ Wireless sensor network: Cooperative relaying can be used to reduced the energy consumption

in sensor nodes, hence lifetime of sensor network increases. Due to nature of wireless medium,

communication through weaker channels requires huge energy as compared to relatively stronger

channels. Careful incorporation of relay cooperation into routing process can selects better com-

munication links and precious battery power can be saved.

¤ Cooperative sensing for cognitive radio: In cognitive radio system, unlicensed secondary users

can use the resources which is licensed for primary users. When primary users want to use their

licensed resources, secondary users has to vacant these resources. Hence secondary users has to

constantly sense the channel for detecting the presence of primary user. It is very challenging to

sense the activity of spatially distributed primary users in wireless channel. Spatially distributed

nodes can improve the channel sensing reliability by sharing the information and reduce the

probability of false alarming [PL07].
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1.6 Motivation of the Present Work

Mobile and wireless communication have seen tremendous growth in the recent years. Although as

per the present scenario voice oriented services are dominant, next generation systems would mainly

provide data-oriented services and applications [SD08]. Many future services will require to provide

higher data rate with lower error probability, so more efficient radio access technologies will be needed.

MIMO technique can be used to provide such high data rates, but it is not always possible to install

multiple antennas on wireless nodes. Relay cooperation is emerging as a topic of interest among re-

search groups and industrial players. For example, a project named WINNER (wireless world initiative

new radio) is in operation for enhancing the performance of mobile communication systems with the

help of relay based deployment. As stated earlier, cooperative relaying is a transmission technique,

where multiple relay terminals, forward the copies of transmitted information to the destination so that

each copy experiences different channel fading, thereby increasing the diversity order. In fixed trans-

mission protocol, relay always process the received signals. Relay can amplify and forward (AF) the

received signal or decodes and forwards (DF) the received signal. In AF mode, noise propagation is

a major issue. Relay in DF mode does not propagate noise to next stage but it suffers from the error

propagation, hence limits the performance of system. Adaptive DF transmission protocol performs

threshold based decoding at relay, which avoids the error propagation to next stage. Relay operating in

this mode remain silent if received SNR is below a particular threshold. In a dense urban environment,

cooperative communication is possible with the help of tiny wireless single antenna user terminals.

Cooperation in this form is known as user cooperation, here user terminals not only transmit their own

data but also relay other users data by sharing its battery power and bandwidth. Single antenna relay

node can not actively participate if channel condition from source is not good, so diversity order of the

system reduces. Installation of multiple receiving antennas on relay is possible in case of infrastructure

based fixed relay, which increases the probability of relay participation. Such type of relays are in

close proximity of power, so they do not have limitations in terms of operational life time as well as

signal processing capabilities. Cooperative communication is an emerging concept and there are sev-

eral issues which require investigation and proper understanding. In this thesis work, we are exploring

the communication model supported by both infrastructure based multi-antenna fixed relay as well as

single antenna tiny wireless relay. Mode of operation has been considered to be adaptive DF.
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1.7 Thesis Contributions

In this thesis work, we investigate the performance of relay based systems where either the relay

or the destination is equipped with multiple receiving antennas. The different configurations of coop-

erative relay networks which have been investigated in this thesis are shown in Fig. 1.4(a)-1.4(f). It

is assumed that the relay operate in adaptive DF mode and the destination receives the signals from

source/relay in orthogonal time-slots.

For the two hop cooperative relaying shown in Fig. 1.4(a), the following analysis have been carried

out.

• Considering Rayleigh fading channel, closed form expressions of outage probability, average

error rate, end-to-end average received SNR and average capacity have been derived for all four

combinations i.e. MRC at relay and MRC at destination, MRC at relay and SC at destination, SC

at relay and MRC at destination, SC at relay and SC at destination.

• Closed form expressions of outage probability and average error rate for different operating

modes has been derived. Here the relay performs MRC combining of signals in Rayleigh fading

channel. Performance of various modes are also compared.

• Considering Nakagami-m fading channel with integer value of m, closed form expressions of

outage probability, average error rate and throughput have been derived for all four combinations

i.e. MRC at relay and MRC at destination, MRC at relay and SC at destination, SC at relay and

MRC at destination, SC at relay and SC at destination.

• Closed form expressions of outage probability and average error rate has also been derived for

MRC combining at relay and destination for exponentially correlated Nakagami-m fading at the

relay and uncorrelated Nakagami-m fading at the destination. Analytical expressions have been

derived for integral values of m.

Performance of this system has been analyzed in different path-loss conditions, severity of fading,

correlation among antenna elements, location of relay with respect to the source and number of antennas

installed on the relay. It has been found that for some specific relay locations, the system performance

depends only marginally on the number of antennas installed on relay and combining schemes at relay

and destination. Relay placement at a particular location gives best performance. In the vicinity of such
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Figure 1.4: Cooperative relay network with various configurations (a) two-hop cooperative relaying
with multi-antenna relay system, (b) two-hop cooperative relay communicating with multi-antenna
base station, (c) single antenna dual-hop opportunistic relaying in absence of direct path, (d) multi-
antenna cooperative relaying with the help of two relay in absence of direct path, (e) two-hop system
in which communication between single antenna source and destination is supported by multi-antenna
relays, (f) two-hop system in which single antenna source, relays communicating with multi-antenna
destination,
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location, system performance highly depends on number of antennas on relay and combining schemes

at relay and destination.

In the system model shown in Fig. 1.4(b), single antenna source and relay communicate with

multi-antenna destination. For such a system, following analysis have been performed.

• Considering Nakagami-m fading channel with integer value of m, closed form expressions of

outage probability, average error rate, end-to-end average received SNR and average capacity

have been derived. Here, severity of fading parameter m at relay and destination are considered

to be non-identical.

• Considering Nakagami-m fading channel with non-integer value of m, closed form expressions

of outage probability, average error rate and end-to-end average received SNR have been derived.

Here, severity of fading parameter m at all nodes are considered to be identical.

System performance has been analyzed in various path-loss condition, various severity of fading and

different number of antennas installed on destination. Performance of such relay based system has been

compared with conventional SIMO system. It is found that, cooperative relaying can out perform con-

ventional SIMO system depending on path-loss conditions, number of antenna elements on destination

and SNR conditions. For same performance level, in some specific conditions, cooperative relaying

can be used to reduce the burden of large antenna array on base station.

Communication between source and destination supported by multiple relays have also been stud-

ied. The scenario is shown in Fig. 1.4(c). All the nodes are equipped with single antennas. For such

a network, closed form expression of outage probability has been derived for dual-hop opportunistic

relaying in Rayleigh fading channel. The outage performance of such system has been analyzed in

various path-loss conditions and relay placement at various locations. Performance of such system has

been compared with single-hop SIMO.

Cooperative relaying with the help of two multi-antenna relays in absence of direct path has been

studied. For the system model shown in Fig. 1.4(d), considering Rayleigh fading channel, closed form

expression of outage probability has been derived.

In the two-hop cooperative relaying shown in Fig. 1.4(e), communication between single antenna

source and destination is supported by multi-antenna relays. Destination selects one of the best sig-

nal received via direct path and various relay path. For the system under consideration, closed-form

expression of outage probability has been derived, for dual-hop selection combining when the relays

operate in Rayleigh fading channel.
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Closed-form expressions of outage probability, average error rate, end-to-end average received SNR

and average capacity have been derived for the system model shown in Fig. 1.4(f), where the commu-

nication between single antenna source and multi-antenna destination is supported by multiple single-

antenna relays. Destination is assumed to perform MRC combining of signals received from direct path

and different relay paths in symmetric Rayleigh fading channel. Effect of number of supporting relays

and antennas installed on destination in various path-loss conditions is also analyzed. In case of lower

SNR condition, support of large number of relays degrades system performance because most of relays

could not decode the message. In this case, majority of relays cannot actively participate and spectrum

efficiency suffers. However, in higher SNR condition, participation of relay terminals increases hence

system performance improves.

1.8 Thesis Organization

The thesis is organized in 6 chapters. Chapter 1 gives an overview of relay based communication

systems, related issues, previous work and problem definition. Chapter 2 and chapter 3 analyze multi-

antenna relay based system in Rayleigh and Nakagami-m fading channels, respectively. Here, relay

and destination may perform either maximum ratio combining or selection combining of the signals.

Comparative performance of all four possible combinations has been analyzed for different relay lo-

cations, number of antennas on the relay, transmission rate, correlation among antenna elements and

fading conditions. In chapter 4, a system model in which communication between source and multi-

antenna destination is supported by single antenna regenerative relay has been analyzed in Nakagami-m

fading channel. Comparative performance of such system with conventional SIMO system, in various

severity of fading, different path-loss conditions and different number of antenna elements on desti-

nation, have been studied. Chapter 5 analyzes the performance of a system in which communication

between source and relay is supported by multiple relay in Rayleigh fading channel. Performance of a

system in which selection combining multi-antenna relays communicating with single antenna source

and destination has also been discussed. Here, destination performs selection combining of the signal

received through direct path and various relay paths. A system in which single antenna source and

relays communicate with multi-antenna destination has been considered next. Multi-antenna destina-

tion coherently combine the signal through direct and through various relay path. Effect of number of

supporting relay and antennas installed on destination in various path-loss conditions is also analyzed.

Chapter 6 summarizes the main results and also presents the future research directions.

TH-993_06610202



Chapter 2

Performance of Multi-antenna Relay Network

in Rayleigh Fading Channel

Spatial diversity has been widely exploited in wireless systems to combat multi-path fading. Coop-

erative relaying, is a technique in which, multiple nodes share their antennas and create virtual antenna

array [LTW04]. Such scheme is able to introduce diversity into the system with the help of supporting

relay nodes, which re-transmit the information to the destination after some delay. Spectrum efficiency

of such system suffers due to half-duplex operation of wireless relay [CKK10]. In [LW03], Laneman

developed and analyzed distributed space-time coded cooperative diversity protocols for improving

spectral efficiency. In [BH06], closed form expression for outage probability in dissimilar Rayleigh

fading has been presented. Approximate analysis of outage probability of selection cooperation for

all SNR levels and arbitrary channel distributions has been given in [BA07]. Selection cooperation in

network scenario has been discussed in [BA08], where multiple sources transmit their messages and

support each other to forward signals to their respective destinations. Recently, use of multi-antenna

relay nodes (infrastructure based fixed relay) in a cooperative network has been proposed and a proba-

bility density function (PDF) based approach for calculating approximate bit error rate of infrastructure

based fixed relay with multiple receiving antennas and single transmit antenna has been presented

in [AY07]. This paper considers the channels between source - relay and relay - destination to be

symmetric Nakagami-m fading type. Relays are assumed to operate in regenerative mode and perform

maximum ratio combining or selection combining of received signal before decoding. After decoding,

relays forward the signal and destination perform maximum ratio combining of signals received via

direct path and relay path.

In this chapter, we analyze a three node system, which is the basic building block of cooperative

14
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relay network. Source and destination are tiny wireless terminals and equipped with single antenna. The

relay is an infrastructure based fixed node which operates in adaptive decode and forward mode. Single

antenna relay node can not actively participate if channel condition from source to relay is not good,

so diversity order of the system gets reduced. Installation of multiple receiving antennas are possible

in infrastructure based relay, which increases the probability of relay participation. In order to keep

the signal processing operations low at the destination, single transmitting antenna has been used at the

relay. In section 2.1, closed form expressions of outage probability, average error probability, average

received SNR and average capacity have been derived, for a system model shown in Fig. 2.1. In type-

1 operation, source transmits signal to relay and destination in the first time slot. Relay receives the

signal through multiple links and if the SNR is above a specified threshold it decodes and re-transmits

the signal to the destination in the second time slot. For obtaining analytical results, an ideal threshold

based decoding has been assumed for the success/failure of a transmission from the relay. When the

received SNR exceeds a threshold, the message is correctly decoded, otherwise, it has uncorrectable

errors [SV06]. Destination can process the two copies of signal received via direct path and via relay

path. In section 2.2, analytical expressions of outage probability and average error probability have

been derived for the type-2 and type-3 operation. The system model of type-2 operation same as type-1

operation. Only difference is that source always re-transmit the signal in second time slot. Details of

such type of operation is given in [NBK04]. In type-3 operation, source only re-transmit the signal in

second time slot, if relay is not transmitting. System model for two hop cooperative relay network with

type-2 and type-3 operations is shown in Fig. 2.7. Some of the results obtained here for type-2 and type-

3 operation are also compared with type-1 operation. Throughout this chapter, channel is assumed to

be Rayleigh faded with no direct or line of sight (LOS) component. The signals received at the multiple

antennas of the array at the relay are assumed to be independent and identically distributed but the signal

received by destination via two different paths are independent and non-identically distributed. Such

an assumption is justified because relay antennas are located at in the close proximity of each other, so

there is high probability that channel seen by these relay antennas are identical. Destination receives

the signals from source and relay, which are located at different places, hence non-identical fading is

assumed at destination. Performance of such system, has been evaluated including the effects of relay

placement, number of antennas installed on relay node and different path-loss conditions. Some of our

works have been reported and published in open literature. In [KB09c] and [KB09a], outage probability

and bit error rate of two-hop multi-antenna relay based system is analyzed in Rayleigh fading channel

for the case when relay performs SC of signals and destination performs MRC of signals respectively.
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Closed form expressions of outage probability and bit error rate for BPSK are derived in [KB10b],

for the case when communication between source and destination is supported by multi-antenna relay,

and both relay and destination perform MRC of signals in a Rayleigh fading channel. In [KB09b],

closed form expressions of bit error rate have been established for two-hop multi-antenna cooperative

relay network in Rayleigh fading channel. Here, destination performs selection combining of signals

received from source, relay and relay performs selection or MRC of signals.

2.1 Multi-antenna Relay System with type-1 operation

In system model shown in Fig. 2.1, source broadcasts the message to the relay and the destination

in the first time slot. Relay receives the signal and either coherently combines the signal from multiple

links or selects one of the best links. A relay operating in regenerative mode decodes the message, if

SNR is above a particular threshold and re-transmits to the destination in next time slot. Single antenna

destination, may coherently combine both copies of received signals or it may select the best received

copy. Coherent combination of signal (i.e. MRC) requires regular estimation of exact channel state

information (CSI), which increases receiver complexity. Alternately, selection of best link (i.e. SC),

requires only SNR measurements, hence reduces receiver complexity and power consumption but this

comes at the expense of performance loss since the signal power in all the available links are not fully

exploited. Based on the performance/complexity trade-off between MRC and SC, one can choose any

one of the combining schemes according to the system requirement. The possible combinations of

type-1 operation is shown in Table-2.1. Here, it is assumed that s is only busy for first time-slot and

remains silent in second time-slot. Such system model is beneficial for the case when s has limited

battery power or fading does not independently changes from first time-slot to second time-slot.

Table 2.1: Representation of combining Schemes at r and d

r(↓)\d(→) MRC SC

MRC MRC −MRC MRC − SC

SC SC −MRC SC − SC
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Figure 2.1: Two hop cooperative relay network with type-1 operation.

2.1.1 System Model

The system considered here consists of a multi-antenna relay (r), placed between source (s) and

destination (d). Relay node is assumed to be equipped with one transmitting antenna and n receiving

antennas1. Due to half-duplex nature of relay, the source transmits to the relay and destination in first

hop (i.e. s → r and s → d). A multi-antenna relay receives signal from the source through multiple

links and either coherently combines them or selects the best link. If received signal is above the

threshold of the decoder (active mode), the message is assumed to be decoded and re-transmitted to

the destination (i.e. r → d). If this condition is not fulfilled (inactive mode), only direct path is used.

Signals received via direct path and via relay path are then either coherently combined or best one of

them is selected by destination. In our system model it is assumed that equal power is allocated to s,

r, identical noise power at r and d as well as channel parameters are available at the receiver. Fading

envelop is Rayleigh distributed so received SNR is exponentially distributed, hence PDF of received

SNR between s→ d or r → d, can be written as [YA05]

fγij
(γ) = λij exp (−λijγ) , (2.1.1)

where, i ∈ {s, ro}, j ∈ {d}, λij = (2`ij/`sd)
ψ
/

ω, ψ is path loss exponent, `ij represents distance

between node i and j, which is normalized by reference distance `sd/2, γ is running variable of received

SNR, ω is the SNR at reference point. In this system model independent and identically distributed

(i.i.d.) fading between s → r (i.e. ∀λsrk
= λ̄sr) has been assumed. So PDF of received SNR at r can

1In this chapter, symbol ro represents transmitting antenna of r and rk represents the kth receiving antenna of r.
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be written as [YA05] and [KK08b, Eq.(6)]

fγsr (γ) =





λ̄n
srγn−1

(n−1)!
exp

(−λ̄srγ
)

for MRC
nλ̄sr exp(−λ̄srγ)

[1−exp(−λ̄srγ)]
1−n for SC.

(2.1.2)

Average received SNR at d due to s→ d, r → d transmissions will be $sd (=1/λsd) & $rd (=1/λrd), re-

spectively. Due to s→ r transmission, average received SNR at r after SC will be $SC
sr

(
= 1/λ̄sr

n∑
k=1

1/k

)

[KM99, Eq.(8)] and average received SNR at r after MRC will be $MRC
sr

(
= n

/
λ̄sr

)
[KM99, Eq.(9)].

In first hop, if the channel condition between s → r link (after coherent addition in case of MRC or

selection of best link for SC) is above a given threshold, then relay decodes the message received from

the source. In this condition, mutual information (I), transmitted by the source is greater than target

data rate R (spectral efficiency) [LW03]:

I =





1
2
log2

[
1 +

n∑
k=1

γsrk

]
> R for MRC

1
2
log2 [1 + max (γsrk

)] > R for SC

(2.1.3)

In equation (2.1.3), logarithm has been multiplied with 1/2 because such system operates in two time-

slots and utilize only 1/2 part of channel.

Probability of relay in inactive mode

Probability that the relay is in inactive mode is given by2

P [I ≤ R] =





P

[
n∑

k=1

γsrk
≤ χ

]
for MRC

P [max (γsrk
) ≤ χ] for SC,

(2.1.4)

here χ = 22R − 1 is the threshold. In our system model we assume a scenario of independent and

identically distributed (i.i.d.) fading between s → r (i.e. ∀λsrk
= λ̄sr). So, (2.1.4) can be evaluated

with the help of (2.1.2) and [GR07, Eq.(3.381.1)]

P [I ≤ R] =





Γ(n,λ̄srχ)
(n−1)!

for MRC
[
1− exp

(−λ̄srχ
)]n

for SC,
(2.1.5)

here Γ (·, ·) is upper incomplete gamma function [GR07, Eq.(8.350.1)]. Probability that relay in active

mode

P [I > R] = 1− P [I ≤ R] . (2.1.6)

2For avoiding the error propagation from the relays, relay decode the message if received instantaneous SNR at relay is
above the threshold or the decoded data block always passes the CRC test [AY06].
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Figure 2.2: Average received SNR of $MRC
sr , $SC

sr , $sd and $rd for (a) ψ = 3, ω = 0dB, (b) ψ = 4,
ω = 0dB, (c) ψ = 3, ω = 3dB, (d) ψ = 4, ω = 3dB, (e) ψ = 3, ω = 7dB, (f) ψ = 4, ω = 7dB, when
r placed at various locations between s and d.

PDF of received SNR based on link condition

Let, random variable Θ models the received SNR at d via relay link. So, the conditional PDF of

received SNR, when r is not active

fΘ|I≤R (θ) = δ (θ) , (2.1.7)TH-993_06610202
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where δ (·) is the dirac delta function. For the case when the relay is active, conditional PDF of received

SNR is given as

fΘ|I>R (θ) = λrod exp (−λrodθ) . (2.1.8)

PDF of received SNR, when d performs MRC

From the theorem on total probability, PDF of received SNR can be written as

f srd
Θ (θ) = fΘ|I≤R (θ) P [I ≤ R] + fΘ|I>R (θ) P [I > R] . (2.1.9)

The MGF3 of f srd
Θ (θ), through relay link is given by

Msrd(s) = P [I ≤ R] + P [I > R]
λrod

s + λrod

. (2.1.10)

When channels between s→ r → d and s→ d are independent, MGF of equivalent link is given by

MT (s) = Msrd(s)Msd(s), (2.1.11)

where, Msd(s) = λsd/(s + λsd) is MGF of direct link. From (2.1.11), PDF of total received SNR at d

can be calculated, by taking inverse Laplace transform of MT (s)

f
(1)
Θ (θ) = P [I ≤ R] λsd exp (−λsdθ) + P [I > R]

(
λrodλsd

λrod − λsd

)
{exp (−λsdθ)− exp (−λrodθ)}

(2.1.12)

PDF of received SNR, when d performs SC

The MGF of fsd(γ) (direct link) can be written as

Msd(s) =
λsd

s + λsd

. (2.1.13)

From (2.1.13), CDF of received SNR through direct link can be calculated by taking inverse Laplace

transform of Msd(s)/s

Fγsd
(γ) = 1− exp (−λsdγ) , (2.1.14)

From (2.1.10), CDF of received SNR through relay link can be calculated by taking inverse Laplace

transform of Msrd(s)/s i.e.

Fγsrd
(γ) = P [I ≤ R] + P [I > R] [1− exp (−λrodγ)] . (2.1.15)

3MGF =
∫∞
0

fsrd
Θ (θ) exp (−sθ)dθ
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For the case, when channels between s → r → d and s → d are assumed to be independent and d

selects the best path, then PDF of total received SNR at d can be written as

f
(2)
Θ (θ) =

d

dθ
{Fγsd

(θ)× Fγsrd
(θ)}

= P [I ≤ R] λsd exp (−λsdθ) + P [I > R]

× [λsd exp (−λsdθ) + λrod exp (−λrodθ) (2.1.16)

− (λsd + λrod) exp {− (λsd + λrod) θ}]

2.1.2 Performance Analysis

In this section, closed form expressions are provided for the following performance parameters:

Outage Probability (Pout)

Outage occurs when received SNR falls below a certain specified threshold. Here, for the given

threshold χ, outage probability can be calculated as follows [SA05, Eq.(1.4)]

Pout =

∫ χ

0

fΘT
(θ) dθ, (2.1.17)

here fΘT
(θ) ∈

{
f

(1)
Θ (θ) , f

(2)
Θ (θ)

}
.

Average error probability (Pe) for MPSK signals

Wireless channel suffers from additive channel noise and multi-path fading, so bit/symbol error

occurs in transmission. Average error probability is the expectation of this error, which is defined

as [SA05, Eq.(5.1)]

Pe =

∫ ∞

0

Q
(√

cθ
)

fΘT
(θ) dθ, (2.1.18)

where Q(·) is Gaussian Q-function, c = 2 sin2 (π/M) for M-PSK signal.

Average received SNR (γ̄)

Average received SNR is the statistical average of instantaneous received SNR over the SNR distri-

bution of fading channel. It can be evaluated as [SA05, Eq.(1.1)]

γ̄ =

∫ ∞

0

θfΘT
(θ) dθ. (2.1.19)
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Average capacity (C)

Average (Shannon or Ergodic) capacity [Sha98] provides the maximum limit of data transfer over

wireless channel. In fading channel, it (in terms of bit per second per Hertz) can be defined as [Gol05,

Eq.(4.4)]

C =

∫ ∞

0

log2(1 + θ)fΘT
(θ)dθ (2.1.20)

2.1.3 MRC-MRC based system

Outage probability (PMRC−MRC
out )

Outage Probability can be calculated with the help of (2.1.5), (2.1.6), (2.1.12), (2.1.17) and [GR07,

Eq.(3.381.1)]

PMRC−MRC
out = {1− exp (−λsdχ)} Γ

(
n, λ̄srχ

)

(n− 1)!
+

[
1− Γ

(
n, λ̄srχ

)

(n− 1)!

]

×
[
1 +

1

λsd − λrod

{λrod exp (−λsdχ)− λsd exp (−λrodχ)}
]

(2.1.21)

here χ = 22R − 1. Details for deriving outage probability expression is given in section A.3.

Average error probability (PMRC−MRC
e ) for MPSK signals

Average error probability, for this case can be evaluated with the help of (2.1.5), (2.1.6), (2.1.12),

(2.1.18) and [EM95, Eq.(A8)]

PMRC−MRC
e = λsdµ (λsd, 1)

Γ
(
n, λ̄srχ

)

(n− 1)!
+

{
1− Γ

(
n, λ̄srχ

)

(n− 1)!

}

× λsdλrod

λrod − λsd

{µ (λsd, 1)− µ (λrod, 1)} (2.1.22)

where, µ {x, y} = Γ(y)
xy

{√
c

2x+c
(2x+c)−yΓ(y+0.5)

2
√

πΓ(y+1)(2x)−y

}
2F1 (1, y + 0.5; y + 1; 2x

2x+c
), 2F1 (·, ·; ·; ·) is Gauss

hypergeometric function [GR07, Eq.(9.100)]. Details for deriving error expression is given in section

A.1 and A.3.
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End-to-end average received SNR (γ̄MRC−MRC)

For relay case, average received SNR can be evaluated by modifying (2.1.19) i.e.

γ̄ =
1

2

∫ ∞

0

θf
(1)
Θ (θ) dθ. (2.1.23)

In (2.1.23), we use an additional multiplier 1/2 because average received SNR at multi-antenna desti-

nation, received in two time-slot. So, (2.1.23) can be represent in closed form with the help of (2.1.5),

(2.1.6), (2.1.12) and [GR07, Eq.(3.326.2)]

γ̄MRC−MRC =
1

2

[
Γ

(
n, λ̄srχ

)

λsd (n− 1)!
+

{
1− Γ

(
n, λ̄srχ

)

(n− 1)!

} {
λrod + λsd

λrodλsd

}]
(2.1.24)

Details for deriving average received SNR expression is given in section A.3.

Average capacity (CMRC−MRC)

For relay case, average capacity can be evaluated by modifying (2.1.20) i.e.

C =
1

2

∫ ∞

0

log2(1 + θ)f
(1)
Θ (θ)dθ. (2.1.25)

In (2.1.25), a multiplier 1/2 is introduced because signal is received at destination in two time-slot.

So, (2.1.25) can be represented in closed form with the help of (2.1.5), (2.1.6), (2.1.12) and [GR07,

Eq.(4.337.2)]

CMRC−MRC =
−1

2 loge 2

[
Γ

(
n, λ̄srχ

)

(n− 1)!
exp (λsd) Ei (−λsd) +

{
1− Γ

(
n, λ̄srχ

)

(n− 1)!

}

×
(

λrodλsd

λrod − λsd

){
exp (λsd) Ei (−λsd)

λsd

− exp (λrod) Ei (−λrod)

λrod

}]
(2.1.26)

here Ei(·) is exponential integral [GR07, Eq.(8.211.1)]. Details for deriving capacity expression is

given in section A.3.

2.1.4 SC-MRC based system

Performance parameters for this case can be easily derived with the help of methodology given in

section A.3.
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Outage Probability (P SC−MRC
out )

Outage Probability can be calculated with the help of (2.1.5), (2.1.6), (2.1.17) and [GR07, Eq.(3.381.1)]

P SC−MRC
out = {1− exp (−λsdχ)}{

1− exp
(−λ̄srχ

)}n
+

[
1− {

1− exp
(−λ̄srχ

)}n]

×
[
1 +

1

λsd − λrod

{λrod exp (−λsdχ)− λsd exp (−λrodχ)}
]

(2.1.27)

Average error probability (P SC−MRC
e ) for MPSK signals

Average error probability, for this case can be evaluated with the help of (2.1.5), (2.1.6), (2.1.18)

and [EM95, Eq.(A8)]

P SC−MRC
e = λsdµ (λsd, 1)

{
1− exp

(−λ̄srχ
)}n

+
[
1− {

1− exp
(−λ̄srχ

)}n]

× λsdλrod

λrod − λsd

{µ (λsd, 1)− µ (λrod, 1)} (2.1.28)

End-to-end average received SNR (γ̄SC−MRC)

Average received SNR can be calculated with the help of (2.1.5), (2.1.6), (2.1.12), (2.1.23) and

[GR07, Eq.(3.326.2)]

γ̄SC−MRC =
1

2

[[
1− exp

(−λ̄srχ
)]n

λsd

+
{
1− [

1− exp
(−λ̄srχ

)]n} (
λrod + λsd

λrodλsd

)]
(2.1.29)

Average capacity (CSC−MRC)

Average capacity can be calculated with the help of (2.1.5), (2.1.6), (2.1.12), (2.1.25) and [GR07,

Eq.(4.337.2)]

CSC−MRC =
−1

2 loge 2

[{
1− exp

(−λ̄srχ
)}n

exp (λsd) Ei (−λsd) +
[
1− {

1− exp
(−λ̄srχ

)}n]

×
(

λrodλsd

λrod − λsd

){
exp (λsd) Ei (−λsd)

λsd

− exp (λrod) Ei (−λrod)

λrod

}]
(2.1.30)
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Figure 2.3: Outage Probability (at ω=7 dB) of multi-antenna cooperative relay system (a) n = 2, ψ = 3,
(b) n = 4, ψ = 3, (c) n = 2, ψ = 4, (d) n = 4, ψ = 4, when r placed at various locations between s
and d.

2.1.5 MRC-SC based system

Outage Probability (PMRC−SC
out )

Outage Probability can be calculated with the help of (2.1.5), (2.1.6), (2.1.16), (2.1.17) and [GR07,

Eq.(3.381.1)]

PMRC−SC
out =

Γ
(
n, λ̄srχ

)

(n− 1)!
{1− exp (−λsdχ)}+

[
1− Γ

(
n, λ̄srχ

)

(n− 1)!

]

× [1− exp (−λsdχ)− exp (−λrodχ) + exp {− (λsd + λrod) χ}] (2.1.31)
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Figure 2.4: Average error probability (at ω=7 dB) of multi-antenna cooperative relay system (a) n = 2,
ψ = 3, (b) n = 4, ψ = 3, (c) n = 2, ψ = 4, (d) n = 4, ψ = 4, when r placed at various locations
between s and d.

Average error probability (PMRC−SC
e ) for MPSK signals

Average error probability, for this case can be evaluated with the help of (2.1.5), (2.1.6), (2.1.16),

(2.1.18) and [EM95, Eq.(A8)]

PMRC−SC
e = λsdµ (λsd, 1)

Γ
(
n, λ̄srχ

)

(n− 1)!
+

{
1− Γ

(
n, λ̄srχ

)

(n− 1)!

}
{λsdµ (λsd, 1)

+λrodµ (λrod, 1)− (λsd + λrod) µ (λsd + λrod, 1)} (2.1.32)
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Figure 2.5: End-to-end average received SNR (at ω=0 dB) of multi-antenna cooperative relay system
(a) n = 2, ψ = 3, (b) n = 4, ψ = 3, (c) n = 2, ψ = 4, (d) n = 4, ψ = 4, when r placed at various
locations between s and d.

Average received SNR (γ̄MRC−SC)

Average received SNR can be evaluated by modifying (2.1.19) i.e.

γ̄ =
1

2

∫ ∞

0

θf
(2)
Θ (θ) dθ, (2.1.33)

so, (2.1.33) can be represented in closed form with the help of (2.1.5), (2.1.6), (2.1.16) and [GR07,

Eq.(3.326.2)]

γ̄MRC−SC =
1

2

[
Γ

(
n, λ̄srχ

)

λsd (n− 1)!
+

{
1− Γ

(
n, λ̄srχ

)

(n− 1)!

} (
1

λsd

+
1

λrod

+
1

λsd + λrod

)]
(2.1.34)
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Figure 2.6: Average capacity (at ω=3 dB) of multi-antenna cooperative relay system (a) n = 2, ψ = 3,
(b) n = 4, ψ = 3, (c) n = 2, ψ = 4, (d) n = 4, ψ = 4, when r placed at various locations between s
and d.

Average capacity (CMRC−SC)

Average capacity for this case can be calculated by modifying (2.1.20) i.e.

C =
1

2

∫ ∞

0

log2(1 + θ)f
(2)
Θ (θ)dθ. (2.1.35)
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So, (2.1.35) can be represented in closed form with the help of (2.1.5), (2.1.6), (2.1.16) and [GR07,

Eq.(4.337.2)]

CMRC−SC =
−1

2 loge 2

[
Γ

(
n, λ̄srχ

)

(n− 1)!
exp (λsd) Ei (−λsd)

+

{
1− Γ

(
n, λ̄srχ

)

(n− 1)!

}
exp (λsd) Ei (−λsd) + exp (λrod)

×Ei (−λrod) − exp (λsd + λrod) Ei (−λsd − λrod)] (2.1.36)

2.1.6 SC-SC based system

Outage Probability (P SC−SC
out )

Outage Probability can be calculated with the help of (2.1.5), (2.1.6), (2.1.16), (2.1.17) and [GR07,

Eq.(3.381.1)]

P SC−SC
out = {1− exp (−λsdχ)}{

1− exp
(−λ̄srχ

)}n
+

[
1− {

1− exp
(−λ̄srχ

)}n]

× [1− exp (−λsdχ)− exp (−λrodχ) + exp {− (λsd + λrod) χ}] (2.1.37)

Average error probability (P SC−SC
e ) for MPSK signals

Average error probability, for this case can be evaluated with the help of (2.1.5), (2.1.6), (2.1.16),

(2.1.18) and [EM95, Eq.(A8)]

P SC−SC
e = λsdµ (λsd, 1)

{
1− exp

(−λ̄srχ
)}n

+
[
1− {

1− exp
(−λ̄srχ

)}n]

×{λsdµ (λsd, 1) + λrodµ (λrod, 1)− (λsd + λrod) µ (λsd + λrod, 1)} (2.1.38)
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Average received SNR (γ̄SC−SC)

Average received SNR can be calculated with the help of (2.1.5), (2.1.6), (2.1.16), (2.1.33) and

[GR07, Eq.(3.326.2)]

γ̄SC−SC =
1

2

[[
1− exp

(−λ̄srχ
)]n

λsd

+
{
1− [

1− exp
(−λ̄srχ

)]n}

×
(

1

λsd

+
1

λrod

+
1

λsd + λrod

)]
(2.1.39)

Average capacity (CSC−SC)

Average capacity can be calculated with the help of (2.1.5), (2.1.6), (2.1.16), (2.1.35) and [GR07,

Eq.(4.337.2)]

CSC−SC =
−1

2 loge 2

[{
1− exp

(−λ̄srχ
)}n

exp (λsd) Ei (−λsd)

+
[
1− {

1− exp
(−λ̄srχ

)}n] {exp (λsd) Ei (−λsd) + exp (λrod) (2.1.40)

×Ei (−λrod)− exp (λsd + λrod) Ei (−λsd − λrod)}]

2.2 Multi-antenna Relay System with type-2 and type-3 operation

In this section, a system model shown in Fig. 2.7 have been analyzed for type-2 and type-3 operation

described earlier. Closed form expressions of outage probability and average error rate have been

derived. In first time slot, source transmit signal to relay and destination. Relay receive the signal

through multiple link and performs MRC of signal. If received SNR at relay is above a particular

threshold, relay re-transmit the signal in second time-slot. In type-2 operation, source also re-transmits

the signal in second time slot but in type-3 operation, source re-transmits the signal only if relay has not

participated. Destination coherently combine the signal received through direct path and through relay

path. System operating in type-2 operation, consumes more battery power from source but exploits

extra diversity path. Type-2 operation may be used when there is no limitation of transmitted power

imposed by transmitter circuitry of source or energy constraint at source is not an important issue. Type-

3 operation is useful for the case when all the transmitters are supported by limited power battery (in

case of wireless sensor network) or system operates in un-licensed band (limitation on total transmitted
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Figure 2.7: Two hop cooperative relay network with type-2 and type-3 operation.

power). Some of the results obtained in this section for type-2 and type-3 operation are also compared

with the results of type-1 operation described in section 2.1.
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Figure 2.8: Average received SNR of $sr, $sd and $rd for type-1, 2, 3 operations, when r is placed at
various locations between s and d.

2.2.1 System Model

In the system model shown in Fig. 2.7, s and d are equipped with single antenna but r has multiple

receiving antennas and single transmitting antenna. s transmits signal to r and d in first time-slot. r

TH-993_06610202



2.2. MULTI-ANTENNA RELAY SYSTEM WITH TYPE-2 AND TYPE-3 OPERATION 32

receives signals through multiple links and perform MRC. If received SNR is above the threshold of

the decoder, the message is decoded and retransmitted to the destination (i.e. r → d) in the second

time-slot. For the case when fading changes independently from one time-slot to another time-slot, s

can re-transmit the signal along with r in second time-slot (i.e. s→ d and r → d). Signals received via

direct paths in first, second time-slots (i.e. s → d) and via relay path (i.e. r → d) in second time-slot

are coherently combined at d. This can be done with the help of distributed space time coding, which

is originally proposed in [NBK04] and presented as Protocol-I in the same paper. In the case of type-3

operation, s transmits to the r and d in first time-slot (i.e. s→ r and s→ d). If r is able to decoded the

message, signal is re-transmitted by r in the second time-slot else s again transmit the message. Such

decision mechanism can be executed with the help of appropriate handshaking signals. In this chapter,

fading envelop is assumed to be Rayleigh distributed, so the PDF of received SNR (γij) when jth node

perform MRC of signals transmitted from ith node [YA05]

fγij
(γ) =

λn
ijγ

n−1

(n− 1)!
exp (−λijγ) , (2.2.1)

here i ∈ {s, ro}, j ∈ {r, d}, λij = (2`ij/`sd)
ψ
/

ω, ψ is path loss exponent, `ij represents distance

between node i and j, which is normalized by reference distance `sd/2, ω is SNR at reference point. In

this system model, independent and identically distributed (i.i.d.) fading between s → r (i.e. ∀λsrk
=

λ̄sr) have been assumed. Average received SNR at r due to s→ r transmission will be $sr

(
= n

/
λ̄sr

)

[KM99, Eq.(9)]. Similarly, average received SNR at d due to r→ d transmissions will be $rd (=1/λrod).

In type-1 operation, s transmit only in first time-slot, so average received SNR at d due to s → d

transmissions will be $sd (=1/λsd). However, in type-2 and type-3 operation s may transmit in first and

second time-slots, hence average received SNR at d for such cases due to s → d transmissions will be

$sd (=2/λsd). In first hop, if the received SNR at rk after MRC is above the threshold, relay decodes the

message received from the source. In this condition, mutual information (I), transmitted by the source

is grater than target data rate R (spectral efficiency) [LW03]:

I =
1

2
log2

(
1 +

n∑

k=1

γsrk

)
> R. (2.2.2)

When r is inactive, SNR received at d due to the transmission from r can be modeled by RV γinactive
rod

and its PDF is given as

fγinactive
rod

(θ) = δ (θ) , (2.2.3)
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where δ (•) is dirac delta function. Similarly, PDF of RV γinactive
sd models the received SNR at d due to

the transmission from s when s is inactive

fγinactive
sd

(θ) = δ (θ) . (2.2.4)

In case r is active, SNR received at d due to the transmission from r can be modeled by RV γactive
rod and

its PDF is given as

fγactive
rod

(θ) = fγrod
(θ) = λrod exp (−λrodθ) . (2.2.5)

Similarly, PDF of RV γactive
sd models the received SNR at d due to the transmission from s when s is

active, and the same can be modeled as

fγactive
sd

(θ) = fγsd
(θ) = λsd exp (−λsdθ) . (2.2.6)

2.2.2 Mathematical Analysis

In this section, we first outline the steps involved in finding out the PDF of total received SNR based

on the link conditions. With the pdf of received SNR known, outage probability and average error rate

expressions are derived. System model for type-1 operation is considered once again here along with

type-2 and type-3 operation.

Probability of relay transmission

Probability of relay transmission (active mode) is given by

P [I > R] = P

[
n∑

k=1

γsrk
> χ

]
= 1−

χ∫

0

fsr (γ) dγ, (2.2.7)

here χ = 22R − 1 is the threshold. So, (2.2.7) can be written as

P [I > R] = 1− Γ
(
n, λ̄srχ

)

(n− 1)!
. (2.2.8)

Probability that relay will not transmit (inactive mode)

P [I ≤ R] = 1− P [I > R] . (2.2.9)

PDF of received SNR based on link condition

Let, random variable Θ models the received SNR at d in second time-slot. In type-1 operation,

s never transmit the signal in second time. However, in type-2 operation, s always re-transmit the
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signal in second time also but in type-3 operation, s re-transmit the signal when r is not active. So, the

conditional PDF of RV Θ when r is not active

fΘ|I≤R (θ) =





fγinactive
rod +γinactive

sd
(θ) type− 1

fγinactive
rod +γactive

sd
(θ) type− 2, 3

(2.2.10)

For the case when r is active, s retransmit the signal in type-2 operation but s remain silent in type-3

operation. So, the conditional PDF of RV Θ can be given as

fΘ|I>R (θ) =





fγactive
rod +γinactive

sd
(θ) type− 1

fγactive
rod +γactive

sd
(θ) type− 2

fγactive
rod +γinactive

sd
(θ) type− 3

(2.2.11)

Combined PDF of received SNR

In first time-slot, d receives the signal through direct link only. So, PDF of received SNR in first

time-slot can be calculated with the help of (2.2.1)

f
(1)
Θ (θ) = fγsd

(θ) = λsd exp (−λsdθ) . (2.2.12)

MGF4 of received SNR in first time-slot can be calculated with the help of (2.2.12)

M1 (s) =

{
λsd

s + λsd

}
. (2.2.13)

From the theorem on total probability, PDF of received SNR in second time-slot can be written as

f
(2)
Θ (θ) = fΘ|I≤R (θ) P [I ≤ R] + fΘ|I>R (θ) P [I > R] . (2.2.14)

For type-1 operation, MGF of received SNR in second time-slot can be written as

M type−1
2 (s) = P [I ≤ R] + P [I > R]

{
λrod

s + λrod

}
. (2.2.15)

For the case of type-2 operation, MGF of received SNR in second time-slot is given as

M type−2
2 (s) = P [I ≤ R]

{
λsd

s + λsd

}
+ P [I > R]

{
λrod

s + λrod

}{
λsd

s + λsd

}
. (2.2.16)

In case of type-3 operation, MGF of received SNR in second time-slot can be written as

M type−3
2 (s) = P [I ≤ R]

{
λsd

s + λsd

}
+ P [I > R]

{
λrod

s + λrod

}
. (2.2.17)

4MGF =
∫∞
0

f
(1)
Θ (θ) exp (−sθ)dθ
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When the links are independent in first and second time-slot, MGF of equivalent link is given by

MT (s) = M2(s)M1(s), (2.2.18)

here, M2 (s) ∈ {
M type−1

2 (s) ,M type−2
2 (s) ,M type−3

2 (s)
}

. For type-1 operation, PDF of total received

SNR at d can be calculated, by taking inverse Laplace transform of MT (s)

f type−1
Θ (θ) = P [I ≤ R] λsd exp (−λsdθ) + P [I > R]

(
λrodλsd

λrod − λsd

)

×{exp (−λsdθ)− exp (−λrodθ)} . (2.2.19)

Similarly for type-2 operation, PDF of total received SNR at d can be given as

f type−2
Θ (θ) = θλ2

sd exp (−λsdθ) P [I ≤ R] +
λrodλ

2
sdP [I > R]

(λrod − λsd)
2

× [exp (−λrodθ) + {(λrod − λsd) θ − 1} exp (−λsdθ)] . (2.2.20)

In type-3 operation, PDF of total received SNR at d can be written as

f type−3
Θ (θ) = θλ2

sd exp (−λsdθ) P [I ≤ R] +
λrodλsdP [I > R]

λsd − λrod

×{exp (−λrodθ)− exp (−λsdθ)} . (2.2.21)

Outage Probability (Pout)

Outage occurs when received SNR falls below a certain specified threshold. Here, for the given

threshold χ, outage probability can be calculated as follows [SA05, Eq.(1.4)]

Pout =

∫ χ

0

fΘT
(θ) dθ, (2.2.22)

here, fΘT
(θ) ∈ {

f type−1
Θ (θ) , f type−2

Θ (θ) , f type−3
Θ (θ)

}
. For type-1 operation, outage probability can be

calculated with the help of (2.2.8), (2.2.9), (2.2.20), (2.2.22) and [GR07, Eq.(3.381.1)]

P type−1
out =

Γ
(
n, λ̄srχ

)

(n− 1)!
{1− exp (−λsdχ)}+

{
1− Γ

(
n, λ̄srχ

)

(n− 1)!

}

×
[
1 +

1

λsd − λrod

{λrod exp (−λsdχ)− λsd exp (−λrodχ)}
]

. (2.2.23)

Expression derived in (2.2.23) is same as the expression derived in (2.1.21). For type-2 operation,

outage probability can be calculated with the help of (2.2.8), (2.2.9), (2.2.20), (2.2.22) and [GR07,
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Eq.(3.381.1)]

P type−2
out =

{
Γ

(
n, λ̄srχ

)

(n− 1)!

}
{1− exp (−λsdχ) − λsd χ exp (−λsdχ)}

+

{
1− Γ

(
n, λ̄srχ

)

(n− 1)!

} [
1− λ2

sd

(λrod − λsd)
2 exp (−λrodχ)

−λrodλ
2
sd exp (−λsdχ)

{
χ

λsd (λrod − λsd)
+

λrod − 2λsd

λ2
sd (λrod − λsd)

2

}]
. (2.2.24)

Similarly, for type-3 operation, outage probability can be calculated with the help of (2.2.8), (2.2.9),

(2.2.21), (2.2.22) and [GR07, Eq.(3.381.1)]

P type−3
out =

{
Γ

(
n, λ̄srχ

)

(n− 1)!

}
{1− exp (−λsdχ) − λsdχ exp (−λsdχ)} (2.2.25)

+

{
1− Γ

(
n, λ̄srχ

)

(n− 1)!

} [
λsd {1− exp (−λrodχ)} − λrod {1− exp (−λsdχ)}

λsd − λrod

]
.

Average error probability (Pe)

Average error probability is a standard performance measure of diversity systems operating over

fading channels. Average error rate for M-PSK modulated signal is define as [SA05, Eq.(5.1)]

Pe =

∫ ∞

0

Q
(√

cθ
)

fΘT
(θ) dθ, (2.2.26)

here c = 2 sin2 (π/M). For type-1 operation, average error probability can be evaluated with the help

of (2.2.20), (2.2.26) and [EM95, Eq.(A8)]

P type−1
e = λsdµ (λsd, 1)

{
Γ

(
n, λ̄srχ

)

(n− 1)!

}
+

{
1− Γ

(
n, λ̄srχ

)

(n− 1)!

}

× λsdλrod

λrod − λsd

{µ (λsd, 1)− µ (λrod, 1)} , (2.2.27)

where, µ {x, y} = Γ(y)
xy

{√
c

2x+c
(2x+c)−yΓ(y+0.5)

2
√

πΓ(y+1)(2x)−y

}
2F1 (1, y + 0.5; y + 1; 2x

2x+c
), 2F1 (•, •; •; •) is Gauss

hypergeometric function [GR07, Eq.(9.100)]. Expression derived in (2.2.27) is same as the expression

derived in (2.1.22). For type-2 operation, average error probability can be evaluated with the help of

(2.2.20), (2.2.26) and [EM95, Eq.(A8)]

P type−2
e = λ2

sdµ (λsd, 2)

{
Γ

(
n, λ̄srχ

)

(n− 1)!

}
+

λrodλ
2
sd

(λrod − λsd)
2

{
1− Γ

(
n, λ̄srχ

)

(n− 1)!

}

× [µ (λrod, 1) + {(λrod − λsd) µ (λsd, 2)− µ (λsd, 1)}] . (2.2.28)

TH-993_06610202



2.3. NUMERICAL RESULTS AND DISCUSSIONS 37

Similarly, for type-3 operation, average error probability can be evaluated with the help of (2.2.21),

(2.2.26) and [EM95, Eq.(A8)]

P type−3
e = λ2

sdµ (λsd, 2)

{
Γ

(
n, λ̄srχ

)

(n− 1)!

}
+

λrodλsd

λsd − λrod

×
{

1− Γ
(
n, λ̄srχ

)

(n− 1)!

}
{µ (λrod, 1)− µ (λsd, 1)} . (2.2.29)
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Figure 2.9: Outage probability (ψ = 2.5) at d for multi-antenna cooperative relay network.

2.3 Numerical Results and Discussions

For evaluating the performance of multi-antenna relay system under some specific conditions, s &

d have been assumed to be located at (0,0) and (0,100), respectively. Relay r is assumed to be located

on the line joining s and d and its position is varied over the range 10 to 90. Spectral efficiency (R)

is assumed to be unity. Average received SNR at various nodes have been plotted in Fig. 2.2, for the

case of type-1 operation. In Fig. 2.3, Fig. 2.4, Fig. 2.5, Fig. 2.6, outage probability, average error rate,

average received SNR and average capacity have been plotted for all possible combinations given in

table-2.1 and different values of n and ψ, respectively. Average received SNR at various nodes have
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Figure 2.10: Average error rate (ψ = 2.5) at d for multi-antenna cooperative relay network.

been plotted in Fig. 2.8, for the cases of type-1, 2, 3 operations. Comparative outage probability and

average error rate for various types of operation and various values of n have been plotted in Fig. 2.9

and Fig. 2.10, respectively.

It is observed that, when r is placed near s, overall performance is largely decided by the combining

schemes that has been employed at the d, as for this condition both SC and MRC are equally effective

in decoding the signal at r. This is due to fact that, most of time received SNR at r through MRC/SC is

higher than particular threshold, so r can perform decode and forward operation and d with MRC gives

better result than d with SC. When r is near d, the choice of combining scheme at d is less important

as compared to choice of combining scheme at r. This is due to the fact that r with MRC has higher

probability to perform decode and forward operation and d has better probability to perform MRC/SC

of the received signals. With increment of n, optimum performance (minimum outage, minimum

average error rate, maximum average received SNR, maximum capacity) of such system is obtained

when r is moved towards d because probability of decoding the message by r, increases with n, so

r can be placed far away from s. Performance curves for type-1 and type-3 operation, overlaps for

various values of n, when r is placed near s because average received SNR at r is sufficiently high and

most of the time message is decoded by r. So, s does not re-transmit the message in second time-slot
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and type-3 operation reduces to type-1 operation. As location of r moves towards d, r receives poor

SNR and fails to decode the message for most of the time. In this case, performance of type-3 operation

is near to type-2 operation because most of time s has to re-transmit the message in second time-slot.

2.4 Conclusion

In this chapter, a three node relay network with relay node carrying multiple receiving antennas has

been investigated for three different types of operation. Analytical expressions of outage probability,

average error rate, average received SNR and average capacity of cooperative relay network for various

combining schemes in type-1 operation, have been derived. For type-2 and type-3 operation, analytical

expressions of outage probability and average error rate have been derived. Monte Carlo simulation

(running simulator freely with 104 samples) has been carried out and the analytical results are found

to match the simulation results. For simulation, random variables of received SNR has been generated

with the help of [WHT04, Eq.(7.41)]. It is seen that installation of more number of receiving antennas

on relay improves its participation, hence system performance improves. In such case, relay can be

placed towards destination for further improving the system performance. It is also observed that,

when relay is placed near the source, type-2 operation outperforms type-1 and type-3 operation but

the performance of type-3 operation is equivalent to type-1 operation. When relay is placed near the

destination, performance of type-3 operation is near to type-2 operation. Result shows that, number of

antennas on the relay, its location, combining schemes at relay/destination and type of operation plays

vital role on system performance.
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Chapter 3

Performance of Multi-antenna Relay Network

in Nakagami-m Fading Channel

3.1 Introduction

Performance of cooperative relay schemes employing infrastructure based fixed relays having mul-

tiple antennas in Nakagami-m fading channel, have been investigated in this chapter. Works presented

in chapter 2 (section 2.1) for type-1 operation has been extended here. This type of operation pro-

vides cooperative diversity gain without any complicated coordination among source and relay, hence

does not suffers from synchronization problem. Nakagami-m fading is a parameter based distribution

which gives the best fit to landmobile and indoor mobile multi-path propagation, as well as scintillat-

ing ionospheric radio links. Parameter m of Nakagami-m fading channel models the wide range of

multi-path distribution. For m = 1/2, it includes the one-sided Gaussian distribution. Rayleigh dis-

tribution become a special case and can be model by taking m=1. When m→∞ Nakagami-m fading

channel converges to a AWGN channel. For m = (1 + n2)
2
/1 + 2n2, we get the Nakagami-n (Rice)

fading model while by taking m = (1 + q2)
2
/2 (1 + 2q4), the channel is made to behave more like a

Nakagami-q (Hoyt) channel [SA05].

This chapter presents comparative outage probability (Pout), average error rate (Pe) and throughput

(ζ) analysis for a multi-antenna regenerative relay network in which relay and destination may per-

form, MRC or SC of signal. Thus, there are four combinations of combining schemes are possible,

which are shown in Table-2.1. Closed form expressions of outage probability, average error rate and

throughput, for all four combinations are derived. Non-identical fading channel have been assumed

for source-destination and relay-destination pairs but identical fading channels have been considered

40
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between source and relay. Outage and average error rate have also been investigated for the case when

the receiving antenna elements in the relay experience identical but exponentially correlated fading.

Analytical formulations have been carried out with integer values of m which represents severity of

fading. Performance of such system, has been evaluated including the effects of relay placement, num-

ber of antennas installed on relay node, correlation among antenna elements, different transmission rate

and various fading conditions. Parts of this work have been reported and published in open literature.

In [KB09e], closed form expressions for outage probability and average error rate have been derived,

when multi-antenna cooperative relay network operates in correlated Nakagami-m fading channel and

both the relay and destination perform MRC combining of signals.

3.2 Channel Modeling

As shown in Fig. 2.1, the regenerative cooperative relay network considered here consists of multi-

antenna relay (r), placed between source (s) and destination (d). Relay node is assumed to be equipped

with one transmitting antenna and n receiving antennas1. Due to half-duplex nature of relay, the source

transmits to the relay and destination in first hop (i.e. s → r and s → d). The multi-antenna relay

receives signal from the source through multiple links and it either coherently combines them or selects

the best link. If received signal is above the threshold of the decoder, the message is decoded and

retransmitted to the destination (i.e. r → d). If this condition is not fulfilled, only direct path is used.

Signals received via direct path and via relay path are either coherently combined or best one of them

is selected by d. Here, SNR (γij) gamma distributed [SA05, Eq.(2.21)]

fγij
(γ) =

λ
mij

ij m
mij

ij

Γ (mij)
γmij−1 exp (−λijmijγ) , (3.2.1)

where, i ∈ {s, ro}, j ∈ {rk, d}, λij = (2`ij/`sd)
ψ
/

ω, ψ is path loss exponent, `ij represents distance

between node i and j, which is normalized by reference distance `sd/2, ω is the SNR at reference point,

mij is severity of fading parameter. In this chapter, independent and identically distributed (i.i.d.)

fading between s → r (i.e. ∀λsrk
= λ̄sr and ∀msrk

= msr) have been considered. So the PDF of

received SNR at r when it is equipped with n antennas and perform MRC [YA05]

fmrc
γsr

(γ) =

(
λ̄srmsr

)nmsr

Γ (nmsr)
γnmsr−1 exp

(−λ̄srmsrγ
)
. (3.2.2)

1As defined earlier, symbol ro represents transmitting antenna of r and rk represents the kth receiving antenna of r.
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In case when r perform SC, PDF of received SNR at r can be calculated with the help of [KK08b,

Eq.(6)]

f sc
γsr

(γ) =
nλ̄msr

sr mmsr
sr

Γ (msr)
γmsr−1 exp

(−λ̄srmsrγ
)
{

Γ
(
msr, λ̄srmsrγ

)

Γ (msr)

}n−1

. (3.2.3)

For the case when antenna elements of relay experience identical but exponentially correlated fading

and performs MRC, PDF of received SNR (γsr) at r can be given as [SA05, Eq.(9.215)]

f corr−mrc
γsr

(γ) =
γmsrn2/rρ−1 exp

(
−msrλ̄srn

rρ
γ
)

Γ
(

msrn2

rρ

)(
rρ

msrλ̄srn

)(msrn2/rρ)
, (3.2.4)

here rρ = n+
2
√

ρ

1−√ρ

(
n− 1−ρn/2

1−√ρ

)
, ρ is exponential power correlation coefficient. In first hop, if channel

condition between s→ r link (after coherent addition in case of MRC or selection of best link for SC)

is above the particular threshold, then relay is assumed to decode the message received from the source.

In this condition, mutual information (I), transmitted by the source is greater than target data rate R

(spectral efficiency) [LW03]:

I =





1
2
log2

[
1 +

n∑
k=1

γsrk

]
> R for MRC

1
2
log2 [1 + max (γsrk

)] > R for SC.

(3.2.5)

In equation (3.2.5), logarithm is multiplied with 1/2 because such system operates in two time-slots

and utilize only 1/2 part of channel.

3.2.1 Probability of relay in inactive mode

Probability that the relay would not transmit (inactive mode) is given by

P [I ≤ R] =





P

[
n∑

k=1

γsrk
≤ χ

]
For MRC

P [max (γsrk
) ≤ χ] For SC,

(3.2.6)

where χ = 22R − 1 is the threshold. So, (3.2.6) can be evaluated with the help of (3.2.2), (3.2.3)

and [GR07, Eq.(3.381.1)]

P [I ≤ R] =





Γ(nmsr,λ̄srmsrχ)
Γ(nmsr)

For MRC{
Γ(msr,λ̄srmsrχ)

Γ(msr)

}n

For SC
(3.2.7)

where Γ (·, ·), Γ (·) are upper incomplete gamma function [GR07, Eq.(8.350.1)] and gamma function

[GR07, Eq.(8.310.1)] respectively. In case antenna elements of relay are effected with identical but
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exponentially correlated fading and perform MRC, the probability that the relay would not transmit

(inactive mode), can be evaluated from (3.2.4)

P [I ≤ R] =

χ∫

0

f corr−mrc
γsr

(γ) dγ, (3.2.8)

Evaluation of (3.2.8) can be carried out with the help of [GR07, Eq.(3.381.1)]

P [I ≤ R] =
Γ

(
msrn

2
/
rρ,msrnλ̄srχ

/
rρ

)

Γ (msrn2/rρ)
, (3.2.9)

Probability that relay would transmit (active mode)

P [I > R] = 1− P [I ≤ R] . (3.2.10)

3.2.2 PDF of received SNR based on link condition

Let, random variable Θ models the received SNR at d via s→r→d link, which take-care the fading

on both side of relay link. When relay is inactive, then conditional PDF of RV Θ is given as

fΘ|I≤R (θ) = δ (θ) . (3.2.11)

For the case when the relay is active, conditional PDF of RV Θ can be written as

fΘ|I>R (θ) =
λ

mrod

rod m
mrod

rod

Γ (mrod)
θmrod−1 exp (−λrodmrodθ) . (3.2.12)

3.2.3 PDF of total received SNR

From the theorem on total probability, PDF of received SNR through relay link can be expressed as

f srd
Θ (θ) = fΘ|I≤R (θ) P [I ≤ R] + fΘ|I>R (θ) P [I > R] . (3.2.13)

The MGF2 of f srd
Θ (θ), through relay link can be written as

Msrd(s) = P [I ≤ R] + P [I > R]

(
λrodmrod

s + λrodmrod

)mrod

. (3.2.14)

Similarly, MGF of direct link can be given as

Msd(s) =

(
λsdmsd

s + λsdmsd

)msd

. (3.2.15)

2MGF =
∫∞
0

fsrd
Θ (θ) exp (−sθ)dθ

TH-993_06610202



3.2. CHANNEL MODELING 44

MRC at Destination

For the case, when channels between s → r → d and s → d are assumed to be independent, MGF

of equivalent link is given by

MT (s) = Msrd(s)Msd(s), (3.2.16)

MT (s) can be simplified as [GR07, Eq.(2.102)]

MT (s) = P [I ≤ R]
(

msdλsd

s+msdλsd

)msd

+ P [I > R]

×
[

msd∑
α=1

Aα

(s+msdλsd)α +
mrod∑
β=1

Bβ

(s+mrodλrod)β

]
,

(3.2.17)

where Amsd−k+1 =
ψ

(k−1)
A (−msdλsd)

(k−1)!
, ψA (s) =

(msdλsd)msd (mrodλrod)mrod

(s+mrodλrod)mrod , Bmrod−k+1 =
ψ

(k−1)
B (−mrodλrod)

(k−1)!
,

ψB (s) =
(msdλsd)msd (mrodλrod)mrod

(s+msdλsd)msd . Details for partial fraction of the expression is given in section A.2.

Similarly MT (s)/s can be simplified as [GR07, Eq.(2.102)]

MT (s)

s
= P [I ≤ R]

[
1

s
+

msd∑
α=1

Cα

(s + λsdmsd)
α

]
+ P [I > R]

(3.2.18)

×
[

1

s
+

msd∑
α=1

Dα

(s + λsdmsd)
α +

mrod∑

β=1

Eβ

(s + λrodmrod)
β

]

here Cmsd−k+1 =
ψ

(k−1)
C (−λsdmsd)

(k−1)!
(λsdmsd)

msd , ψC (s) = 1
s
, Dmsd−k+1 =

ψ
(k−1)
D (−λsdmsd)

(k−1)!

× (λsdmsd)
msd (λrodmrod)

mrod , ψD (s) = 1
s(s+λrodmrod)mrod , Emrod−k+1 =

ψ
(k−1)
E (−λrodmrod)

(k−1)!

× (λsdmsd)
msd (λrodmrod)

mrod , ψE (s) = 1
s(s+λsdmsd)msd . From (3.2.17), PDF of received SNR at d can

be calculated, by taking inverse Laplace transform of MT (s) i.e.

f
(1)
Θ (θ) =

(msdλsd)
msd P [I ≤ R]

Γ (msd)
θmsd−1 exp (−msdλsdθ)

+P [I > R]

[
msd∑
α=1

Aαθα−1

(α− 1)!
exp (−msdλsdθ)

+

mrod∑

β=1

Bβθβ−1

(β − 1)!
exp (−mrodλrodθ)

]
(3.2.19)
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SC at Destination

CDF of received SNR through direct link can be calculated from (3.2.1), [GR07, Eq.(3.381.1)],

[GR07, Eq.(8.352.1)]

Fsd (γ) = 1− exp (−msdλsdγ)

msd−1∑
α=0

(msdλsdγ)α

α!
. (3.2.20)

Similarly, CDF of received SNR through relay link can be calculated from (3.2.13)

Fsrd (γ) = P [I ≤ R] + P [I > R]

×
[
1− exp (−mrodλrodγ)

mrd−1∑

β=0

(mrodλrodγ)β

β!

]
(3.2.21)

So, CDF of total received SNR can be given as

F (γ) = Fsd (γ) Fsrd (γ) . (3.2.22)

From (3.2.20),(3.2.21) and (3.2.22), CDF of total received SNR can be simplified as

F (γ) = P [I ≤ R]

[
1−

msd−1∑
α=0

(msdλsd)
α

α!
γα exp (−msdλsdγ)

]

+P [I > R]

[
1−

msd−1∑
α=0

(msdλsd)
α

α!
γα exp (−msdλsdγ)

−
mrod−1∑

β=0

(mrodλrod)
β

β!
γβ exp (−mrodλrodγ)

+

msd−1∑
α=0

mrod−1∑

β=0

(msdλsd)
α (mrodλrod)

β

α!β!
(3.2.23)

×γα+β exp {− (msdλsd + mrodλrod) γ}]

Differentiating (3.2.23) with respect to γ gives PDF of total received SNR at d

f
(2)
Θ (γ) = P [I ≤ R]

[
(−1)

msd−1∑
α=0

(msdλsd)
α

α!
ξ (msdλsd, α)] + P [I > R]

×
[
(−1)

msd−1∑
α=0

(msdλsd)
α

α!
ξ (msdλsd, α) + (−1)

mrod−1∑

β=0

(mrodλrod)
β

β!
ξ (mrodλrod, β)

+

msd−1∑
α=0

mrod−1∑

β=0

(msdλsd)
α (mrodλrod)

β

α!β!
ξ {(msdλsd + mrodλrod) , α + β}] (3.2.24)
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where ξ (a, b) = bγb−1 exp (−aγ)− aγb exp (−aγ).

3.3 System Performance

The performance of such system has been evaluated on the basis of outage probability, average

error rate and throughput.

3.3.1 MRC-MRC Based System

Outage Probability (PMRC−MRC
out )

Outage occurs when received SNR, falls below a certain specified threshold. Outage probability,

can be given as [SA05, Eq.(1.4)]

Pout =

∫ χ

0

f
(1)
Θ (θ) dθ, (3.3.1)

so, outage probability can be calculated with the help of (3.2.19), (3.3.1) and [GR07, Eq.(3.381.1)]

PMRC−MRC
out =

Γ
(
nmsr, λ̄srmsrχ

)
Γ (msd,msdλsdχ)

Γ (nmsr) Γ (msd)

+

{
1− Γ

(
nmsr, λ̄srmsrχ

)

Γ (nmsr)

}[
msd∑
α=1

AαΓ (α, msdλsdχ)

(α− 1)! (msdλsd)
α

+

mrod∑

β=1

BβΓ (β,mrodλrodχ)

(β − 1)! (mrodλrod)
β

]
(3.3.2)

Alternatively from (3.2.18), outage probability can also be found out, by taking inverse Laplace trans-

form of MT (s)/s, evaluated at χ [KB09e, Eq.(12)]

PMRC−MRC
out = P [I ≤ R]

[
1 +

msd∑
α=1

Cαχα−1

(α− 1)!
exp (−λsdmsdχ)

]
+ P [I > R] (3.3.3)

×
[
1 +

msd∑
α=1

Dαχα−1

(α− 1)!
exp (−λsdmsdχ) +

mrod∑

β=1

Eβχβ−1

(β − 1)!
exp (−λrodmrodχ)

]

Average error rate (PMRC−MRC
e )

Average error rate is a standard performance measure of diversity systems operating over fading

channels. For M -PSK modulated signal average error rate can be define as [SA05, Eq.(5.1)]

Pe =

∫ ∞

0

Q
(√

cθ
)

f
(1)
Θ (θ) dθ, (3.3.4)
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where, c = 2 sin2 (π/M). Average error rate from (3.3.4), can be evaluated from (3.2.19) and [EM95,

Eq.(A8)]

PMRC−MRC
e =

Γ
(
nmsr, λ̄srmsrχ

)
(msdλsd)

msd

Γ (nmsr) Γ (msd)
µ {msdλsd,msd}

+

{
1− Γ

(
nmsr, λ̄srmsrχ

)

Γ (nmsr)

}[
msd∑
α=1

Aαµ {msdλsd, α}
(α− 1)!

+

mrod∑

β=1

Bαµ {mrodλrod, β}
(β − 1)!

]
(3.3.5)

here µ {x, y} = Γ(y)
xy

{√
c

2x+c
(2x+c)−yΓ(y+0.5)

2
√

πΓ(y+1)(2x)−y

}
2F1 (1, y + 0.5; y + 1; 2x

2x+c
), 2F1 (·, ·; ·; ·) is Gauss hy-

pergeometric function [GR07, Eq.(9.100)]. Average error rate for M-PSK modulated signal can also be

defined as [AG99, Eq.(20)]

PMRC−MRC
e =

1

π

∫ (M−1)π/M

0

MT

(
a

2 sin2 (θ)

)
dθ, (3.3.6)

here, a depends on the modulation scheme [SA05, Sec.(9.2.3)]. So, average error rate can be evaluated

from (3.2.17) and [KB09e, Eq.(14)]

PMRC−MRC
e = P [I ≤ R] Ψ

(
msd,

1

λsdmsd

)
+ P [I > R]

[
msd∑
α=1

Aα

(λsdmsd)
α

×Ψ

(
α,

1

λsdmsd

)
+

mrod∑
α=1

Bα

(λrodmrod)
α Ψ

(
α,

1

λrodmrod

)]
(3.3.7)

where, Ψ (·, ·) is error rate of various modulation schemes in standard fading channels, for BPSK a =

2 sin2 (π/M), M=2, Ψ (ν, c) = {ξ (c)}ν
ν−1∑
k=0

(
ν − 1 + k

k

)
{1− ξ (c)}k [AG99, Eq.(64)], ξ (c) =

1
2

(
1−√

c
1+c

)
.

Throughput (ζMRC−MRC)

The throughput of the system can be calculated from (3.3.2) and [AV08, Eq.(26)]

ζMRC−MRC =
R

2

(
1− PMRC−MRC

out

)
. (3.3.8)
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3.3.2 SC-MRC Based System

Outage Probability (P SC−MRC
out )

Similarly, outage probability for this case can be derived with the help of (3.2.7) and (3.3.1)

P SC−MRC
out =

{
Γ

(
msr, λ̄srmsrχ

)

Γ (msr)

}n
Γ (msd,msdλsdχ)

Γ (msd)

+

[
1−

{
Γ

(
msr, λ̄srmsrχ

)

Γ (msr)

}n] [
msd∑
α=1

AαΓ (α, msdλsdχ)

(α− 1)! (msdλsd)
α

+

mrod∑

β=1

BβΓ (β,mrodλrodχ)

(β − 1)! (mrodλrod)
β

]
(3.3.9)

Average error rate (P SC−MRC
e )

Average error rate for this case can be calculated with the help of (3.2.7) and (3.3.4)

P SC−MRC
e =

{
Γ

(
msr, λ̄srmsrχ

)

Γ (msr)

}n
(msdλsd)

msd

Γ (msd)
µ {msdλsd,msd}

+

[
1−

{
Γ

(
msr, λ̄srmsrχ

)

Γ (msr)

}n][
msd∑
α=1

Aαµ {msdλsd, α}
(α− 1)!

+

mrod∑

β=1

Bαµ {mrodλrod, β}
(β − 1)!

]
(3.3.10)

Throughput (ζSC−MRC)

Throughput of such system can be calculated as

ζSC−MRC =
R

2

(
1− P SC−MRC

out

)
. (3.3.11)

TH-993_06610202



3.3. SYSTEM PERFORMANCE 49

3.3.3 MRC-SC Based System

Outage Probability (PMRC−SC
out )

Outage probability at χ can be calculated with the help of (3.2.7) and (3.2.23)

PMRC−SC
out = F (χ)

=
Γ

(
nmsr, λ̄srmsrχ

)

Γ (nmsr)

[
1−

msd−1∑
α=0

(msdλsd)
α

α!
χα exp (−msdλsdχ)]

+

{
1− Γ

(
nmsr, λ̄srmsrχ

)

Γ (nmsr)

}[
1−

msd−1∑
α=0

(msdλsd)
α

α!
χα exp (−msdλsdχ)

−
mrod−1∑

β=0

(mrodλrod)
β

β!
χβ exp (−mrodλrodχ) (3.3.12)

+

msd−1∑
α=0

mrod−1∑

β=0

(msdλsd)
α (mrodλrod)

β

α!β!
χα+β exp {− (msdλsd + mrodλrod) χ}

]
.

Average error rate (PMRC−SC
e )

Average error rate for this case can be given as

Pe =

∫ ∞

0

Q
(√

cθ
)

f
(2)
Θ (θ) dθ, (3.3.13)

so (3.3.13) can be given in closed form

PMRC−SC
e =

Γ
(
nmsr, λ̄srmsrχ

)

Γ (nmsr)

[
(−1)

msd−1∑
α=0

(msdλsd)
α

α!
ϕ (msdλsd, α)

]

+

{
1− Γ

(
nmsr, λ̄srmsrχ

)

Γ (nmsr)

}[
(−1)

msd−1∑
α=0

(msdλsd)
α

α!
ϕ (msdλsd, α)

+ (−1)

mrod−1∑

β=0

(mrodλrod)
β

β!
ϕ (mrodλrod, β) +

msd−1∑
α=0

mrod−1∑

β=0

(msdλsd)
α (mrodλrod)

β

α!β!

×ϕ {(msdλsd + mrodλrod) , α + β}] , (3.3.14)

here ϕ (a, b) = bµ (a, b)− aµ (a, b + 1).

Throughput (ζMRC−SC)

Throughput for this case can be written as

ζMRC−SC =
R

2

(
1− PMRC−SC

out

)
. (3.3.15)
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3.3.4 SC-SC Based System

Outage Probability (P SC−SC
out )

Outage probability of such system can be calculated with the help of (3.2.7) and (3.2.23)

P SC−SC
out = F (χ)

=

{
Γ

(
msr, λ̄srmsrχ

)

Γ (msr)

}n

×
[
1−

msd−1∑
α=0

(msdλsd)
α

α!
χα exp (−msdλsdχ)]

+

[
1−

{
Γ

(
msr, λ̄srmsrχ

)

Γ (msr)

}n][
1−

msd−1∑
α=0

(msdλsd)
α

α!
χα exp (−msdλsdχ)

−
mrod−1∑

β=0

(mrodλrod)
β

β!
χβ exp (−mrodλrodχ) +

msd−1∑
α=0

mrod−1∑

β=0

(msdλsd)
α (mrodλrod)

β

α!β!
χα+β

× exp {− (msdλsd + mrodλrod) χ}] . (3.3.16)

Average error rate (P SC−SC
e )

Average error rate can be given in close form as below (3.2.7) and (3.3.13)

P SC−SC
e =

{
Γ

(
msr, λ̄srmsrχ

)

Γ (msr)

}n {
(−1)

msd−1∑
α=0

(msdλsd)
α

α!
ϕ (msdλsd, α)

}

+

[
1−

{
Γ

(
msr, λ̄srmsrχ

)

Γ (msr)

}n][
(−1)

msd−1∑
α=0

(msdλsd)
α

α!
ϕ (msdλsd, α)

+ (−1)

mrod−1∑

β=0

(mrodλrod)
β

β!
ϕ (mrodλrod, β) +

msd−1∑
α=0

mrod−1∑

β=0

(msdλsd)
α (mrodλrod)

β

α!β!

×ϕ {(msdλsd + mrodλrod) , α + β}] . (3.3.17)

Throughput (ζSC−SC)

Throughput of such system can be calculated as

ζSC−SC =
R

2

(
1− P SC−SC

out

)
. (3.3.18)
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3.4 Numerical Results and Discussions

In evaluating the performance of the system, s & d have been assumed to be located at (0,0) and

(0,100), respectively. R and ω are assumed to be 1 and 7 dB, respectively. Path loss exponent (ψ)

between s→r, s→d and r→d is taken to be 3. Outage probability and average error rate has been

computed when r is placed on the line which joins s, d and the distance of r from s has been varied

from 2 to 98. In Fig. 3.1(a) and Fig. 3.1(b), outage performance of this network are plotted for m=1

and 3, respectively. Similarly, average error rate for BPSK signals are plotted in Fig. 3.2(a) and Fig.

3.2(b) for m=1 and 3, respectively. It is observed that, when r is placed near s, overall performance is

largely decided by the combining schemes that has been employed at the d, as for this condition both

SC and MRC are equally effective in decoding the signal at the r. This is due to fact that, most of time

received SNR at r through MRC/SC is higher than particular threshold, so r can perform decode and

forward operation and d with MRC gives better result than d with SC. When r is near the d, choice

of combining scheme at the d is less important as compared to choice of combining scheme at the r.

This is due to the fact that r with MRC has higher probability to perform decode and forward operation

and d has better probability to perform MRC/SC of signal (i.e. higher diversity order). With increment

of n, optimum performance (minimum outage probability and average error rate) of such system gets

shifted towards d because probability of decoding the message by r, increases with n, so r can be

placed much far away from s. In Fig. 3.3 and Fig. 3.4, outage performance and error performance

have been plotted for the case when relay is effected with identical but exponentially correlated fading,

respectively. It is seen that effect of correlation among antenna element is more pronounced when

relay is placed near the middle of s-d link. Throughput is modeled using (3.3.8), (3.3.11), (3.3.15)

and (3.3.18). For determining the throughput, r is placed in between s-d link. In Fig. 3.5(a) and Fig.

3.5(b), throughput is plotted for various values of R, n and m. Here, one can observed that system

operating with MRC−MRC and SC−SC gives upper and lower bound of throughput, respectively.

At lower rate of transmission (i.e. R), threshold level (χ = 22R − 1) for decoding at r would be low,

so most of time received SNR at r after MRC/SC scheme is above the threshold level. In this case,

system performance would be largely decided by combining scheme at d and MRC at d gives higher

throughput. However, higher rate of transmission, increases decoding threshold level at r, so MRC at r

have higher probability to perform decode and forward operation. In this case combining scheme at d

is less important and throughput is largely depend on combining scheme at r.

It may be worthwhile to mention that in the previous chapter, we studied the multi-antenna relay
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based system in Rayleigh fading channel and derived expressions for outage probability, average error

rate, average received SNR and average capacity. Beside it we studied comparative performance of

various types (type-1, type-2 and type-3) of operation of relay based system. In this chapter, we have

considered more general channel (i.e. Nakagami-m) and studied only the type-1 operation. A special

case when multi-antenna relay is effected with correlated fading is also considered. In this chapter we

have derived the expressions for outage probability, average error rate and throughput. In this chapter,

plots for various performance parameters have been plotted for m=1 also. Such plots match exactly

with the corresponding plots in chapter 2. For example Fig. 3.1(a) matches with Fig. 2.3(a), Fig. 2.3(b).

Similarly Fig. 3.2(a) matches with Fig. 2.4(a), Fig. 2.4(b). Throughput is considered in chapter 3 and

plotted for the case of m=1 (i.e. Fig. 3.5) also, so the results given in this chapter for the throughput is

directly applicable in chapter 2.

3.5 Conclusion

Analytical expressions of outage probability, average error rate and throughput, for multi-antenna

cooperative relay network have been derived for integer value of m. It is seen that installation of more

number of receiving antennas on relay improves its participation, hence system performance improves.

In such case, relay can be placed towards destination for further improving the system performance.

Severity of fading reduces with increasing value of m, hence system performance improves. In case

relay antennas are effected with correlated fading then it is difficult to exploit spatial diversity ef-

fectively and hence system performance suffers. Data transmission rate and combining schemes at

relay/destination also plays vital role on the system performance.
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Figure 3.1: Outage Probability (at R = 1) of multi-antenna cooperative relay system (a)
msr=mrod=msd=1, (b) msr=mrod=msd=3, when r placed at various locations between s and d.
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Figure 3.2: Average error rate (at R = 1) of multi-antenna cooperative relay system (a)
msr=mrod=msd=1, (b) msr=mrod=msd=3, when r placed at various locations between s and d.
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Figure 3.3: Outage performance of multi-antenna relay network (m=msr=mrd=msd, R = 1), when r is
effected with correlated fading and r, d perform MRC of signal.
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Figure 3.4: Average error rate of multi-antenna relay network (m=msr=mrd=msd, R = 1), when r is
effected with correlated fading and r, d perform MRC of signal.
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Figure 3.5: Throughput of multi-antenna relay network (a) n = 2, (b) n = 4, at various R.
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Chapter 4

Performance of Cooperative Relay Network

Operating in Uplink of Multi-Antenna Base

Station

4.1 Introduction

Communication through intermediate relay node, splits the channel between source and destination

into two possibly shorter links, which improves the link quality as well as combat with harsh multi-path

fading. In highly dense urban environment, cooperative diversity can be achieved with the help of user

terminals [SEA03a]. These terminals are tiny wireless node, hence installation of multiple antennas are

not possible. However, installation of multiple antennas at the base station is feasible. A cooperative

relay network in which single antenna source and relay communicate with multi-antenna destination

has been analyzed in this chapter. Similar type of structure is also investigated in [ZGL10], here au-

thors investigate the effect of imperfect channel state information on the achievable diversity gain. Such

system operate here in type-1 operation, which is given in chapter 2 (section 2.1). Closed form expres-

sions of outage probability, average symbol error rate, average received SNR and channel capacity have

been derived for such system model in Nakagami-m fading channel. Simplified expressions for this

system model in Rayleigh fading channel are also presented. Comparative performance of such system

with conventional SIMO (single input multiple output) system, in various severity of fading, different

path-loss conditions and different number of antenna elements on destination, have also been studied.

Some of the work presented here have been reported and published in open literature. In [KB09d],

analytical expressions for outage probability, symbol error rate and end-to-end average received SNR

57
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Figure 4.1: Two-hop cooperative relay communicating with multi-antenna base station.

are established in terms of infinite series, here such system operate in Rayleigh fading channel.

4.2 System Model

As shown in Fig. 4.1, communication between source (s) and destination (d) takes place with the

help of supporting relay (r). Terminals s and r have single antenna but the terminal d have multiple

antennas. Due to half-duplex nature of r, s transmits to the r and d in the first hop (i.e. s → r and s

→ d). If received SNR at r is above the particular threshold (active mode), the message is decoded and

retransmitted to the d in the next time slot (i.e. r → d). Signal received via direct path and via relay

path are coherently combined at d. If the received SNR at r is below the required threshold (inactive

mode), then r remains silent and d receives the signal only through direct path. In this system model,

channels between s → d and r → d are assumed to be independent and non-identical, because d is

receiving the signal from transmitting nodes, located at different locations. However, signals received

at d are identical, if they are comming from same place (i.e. from s or r). Here, received SNR at r (γsr)

is gamma distributed, so PDF can be written as [SA05, Eq.(2.21)]

fγsr (γ) =
λmsr

sr mmsr
sr

Γ (msr)
γmsr−1 exp (−λsrmsrγ) (4.2.1)

λsr = (2`sr/`sd)
ψ
/

ω, ψ is path loss exponent, ω is the SNR at reference point, `sr represents distance

between node s and r, which has been normalized here by half the distance between s and d (i.e. `sd/2).

Destination is equipped with multi-antenna array and performs MRC combining, so PDF of received

SNR at d can be written as [YA05]

fγij
(γ) =

(λijmij)
nmij

Γ (nmij)
γnmij−1 exp (−λijmijγ) (4.2.2)
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where i ∈ {s, r}, j ∈ {d}, n is the number of antennas at d, λij = (2`ij/`sd)
ψ
/

ω, `ij represents

distance between node i and j.

4.3 Mathematical Analysis

Probability of relay transmission

Probability of relay in active mode can be given as

P [I > R] = P [γsr > χ] = 1−
∫ χ

0

fsr (γ)dγ, (4.3.1)

where χ = 22R − 1 is the threshold. Substituting (4.2.1) in (4.3.1) and solving integral the following

expression is obtained

P [I > R] = 1− Γ (msr, λsrmsrχ)

Γ (msr)
(4.3.2)

Probability of relay being in inactive mode is given by

P [I ≤ R] = 1− P [I > R] . (4.3.3)

PDF of received SNR based on link condition

Let, random variable Θ models the received SNR at d via s→r→d link, which take-care the fading

on both side of relay link. When the relay is inactive, conditional PDF of received SNR is given by

fΘ|I≤R (θ) = δ (θ) . (4.3.4)

For the case when relay is active, conditional PDF of received SNR can be written as

fΘ|I>R (θ) =
λnmrd

rd mnmrd
rd

Γ (nmrd)
θnmrd−1 exp (−λrdmrdθ) (4.3.5)

PDF of total received SNR

The PDF of the received SNR can be expressed as [BH06]

f srd
Θ (θ) = fΘ|I≤R (θ) P [I ≤ R] + fΘ|I>R (θ) P [I > R] . (4.3.6)

The MGF1 of f srd
Θ (θ), through relay link can be written as

Msrd(s) = P [I ≤ R] + P [I > R]

(
mrdλrd

s + mrdλrd

)nmrd

(4.3.7)

1MGF =
∫∞
0

fsrd
Θ (θ) exp (−sθ)dθ
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On assuming the channels between s→ r→ d and s→ d are independent, MGF of equivalent link can

be written as

MT (s) = Msrd(s)Msd(s), (4.3.8)

where Msd(s) = {msdλsd/(s + msdλsd)}nmsd is MGF of direct link. For the case when msd, mrd are

assumed to be integer then MGF of total received SNR can be simplified as

MT (s) = P [I ≤ R]

(
msdλsd

s + msdλsd

)nmsd

+ P [I > R]

×
[

nmsd∑
α=1

Aα

(s + msdλsd)
α +

nmrd∑
α=1

Bα

(s + mrdλrd)
α

]
(4.3.9)

here Anmsd−α+1 =
ψ

(α−1)
A (−msdλsd)

(α−1)!
, ψA (s) = (msdλsd)nmsd (mrdλrd)nmrd

(s+mrdλrd)nmrd , Bnmrd−α+1 =
ψ

(α−1)
B (−mrdλrd)

(α−1)!
,

ψB (s) = (msdλsd)nmsd (mrdλrd)nmrd

(s+msdλsd)nmsd . PDF of the received SNR at d can be calculated, by taking inverse

Laplace transform of MT (s), using [GR07, Eq.(2.102)]

fΘT
(θ) =

(msdλsd)
nmsd P [I ≤ R]

Γ (nmsd)
θnmsd−1 exp (−msdλsdθ)

+P [I > R]

[
nmsd∑
α=1

Aαθα−1

(α− 1)!
exp (−msdλsdθ)

+

nmrd∑

β=1

Bβθβ−1

(β − 1)!
exp (−mrdλrdθ)

]
(4.3.10)

For the case when severity of fading parameter is non-integer but identical between s-d, r-d link (i.e.

msd=mrd=m), PDF of received SNR can be calculated with the help of (4.3.8), [Pou99, Table(2.3.141)]

fΘT
(θ) =

(mλsd)
nm P [I ≤ R]

Γ (nm)
θnm−1 exp (−mλsdθ)

+P [I > R]
(m2λsdλrd)

nm√
πθnm−0.5

Γ (nm) {m (λsd − λrd)}nm−0.5

× exp

(
−m (λsd + λrd)

2
θ

)
Inm−0.5

{
m (λsd − λrd)

2
θ

}
(4.3.11)

TH-993_06610202



4.3. MATHEMATICAL ANALYSIS 61

where Iν (·) is νth order modified Bessel functions of the first kind. Simplification of (4.3.11) can be

done with the help of [GR07, Eq.(8.445)]

fΘT
(θ) =

(mλsd)
nm P [I ≤ R]

Γ (nm)
θnm−1 exp (−mλsdθ) + P [I > R]

(m2λsdλrd)
nm√

π

Γ (nm)

×
∞∑

α=0

{m (λsd − λrd)}2α θ2α+2nm−1 exp
{
−m(λsd+λrd)

2
θ
}

42α+nm−0.5α!Γ (α + nm + 0.5)
(4.3.12)

Outage Probability

Outage probability (Pout), can be evaluated as [SA05, Eq.(1.4)]

Pout =

∫ χ

0

fΘT
(θ) dθ, (4.3.13)

here, χ is the threshold. Expression for Pout can be established with the help of (4.3.10), (4.3.13)

and [GR07, Eq.(3.381.1)]

Pout = P [I ≤ R]
Γ (nmsd,msdλsdχ)

Γ (nmsd)
+ P [I > R]

×
{

nmsd∑
α=1

AαΓ (α, msdλsdχ)

(msdλsd)
α (α− 1)!

+

nmrd∑

β=1

BβΓ (β, mrdλrdχ)

(mrdλrd)
β (β − 1)!

}
(4.3.14)

where, Γ (·, ·) is upper incomplete gamma function [GR07, Eq.(8.350.1)]. In case of Rayleigh fading

channel, (4.3.14) can be simplified as

Pout = P [I ≤ R]
Γ (n, λsdχ)

(n− 1)!
+ P [I > R]

×
[

n∑
α=1

AαΓ (α, λsdχ)

λα
sd (α− 1)!

+
n∑

β=1

BβΓ (β, λrdχ)

λβ
rd (β − 1)!

]
(4.3.15)

For non-integer but identical severity of fading parameter, Pout can be evaluated from (4.3.12), (4.3.13)

and [GR07, Eq.(3.381.1)]

Pout = P [I ≤ R]
Γ (nm, λsdmχ)

Γ (nm)
+ P [I > R]

(m2λsdλrd)
nm√

π

Γ (nm)

×
∞∑

α=0

{m (λsd − λrd)}2α Γ (2α + 2nm,m (λsd + λrd) χ/2)

22α−1α!Γ (α + nm + 0.5) {m (λsd + λrd)}2α+2nm (4.3.16)
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For Rayleigh fading channel, (4.3.16) can be expressed as

Pout = P [I ≤ R]
Γ (n, λsdχ)

(n− 1)!
+ P [I > R]

(λsdλrd)
n√π

(n− 1)!

×
∞∑

α=0

(λsd − λrd)
2α Γ (2α + 2n, (λsd + λrd) χ/2)

22α−1α!Γ (α + n + 0.5) (λsd + λrd)
2α+2n (4.3.17)

For the case when s communicates with d directly (i.e. SIMO), Pout can be evaluated with the help of

(4.2.2), (4.3.13) and [GR07, Eq.(3.381.1)]

Pout =
Γ (nmsd,msdλsdχSIMO)

Γ (nmsd)
, (4.3.18)

Here, SIMO operates in single time-slot, so the threshold value χ for this case is taken as χSIMO.

Average Symbol Error Rate

Average SER for M-PSK modulated signal is define as [SA05, Eq.(5.1)]

SER =

∫ ∞

0

Q
(√

cθ
)

fΘT
(θ) dθ, (4.3.19)

where, c = 2 sin2 (π/M). Average SER from (4.3.19), can be evaluated as [EM95, Eq.(A8)]

SER = P [I ≤ R]
µ (msdλsd, nmsd)

Γ (nmsd)
(msdλsd)

nmsd + P [I > R]

×
{

nmsd∑
α=1

Aαµ (msdλsd, α)

(α− 1)!
+

nmrd∑

β=1

Bβµ (mrdλrd, β)

(β − 1)!

}
(4.3.20)

where µ {x, y} = Γ(y)
xy

{√
c

2x+c
(2x+c)−yΓ(y+0.5)

2
√

πΓ(y+1)(2x)−y

}
2F1 (1, y + 0.5; y + 1; 2x

2x+c
), 2F1 (·, ·; ·; ·) is Gauss hy-

pergeometric function [GR07, eq.(9.100)]. In case of Rayleigh fading channel, (4.3.20) can be ex-

pressed as

SER =
P [I ≤ R]

(n− 1)!
λn

sdµ {λsd, n}+ P [I > R]

×
[

n∑
α=1

Aαµ {λsd, α}
(α− 1)!

+
n∑

β=1

Bβµ {λrd, β}
(β − 1)!

]
(4.3.21)
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For non-integer but identical severity of fading parameter, SER can be evaluated from (4.3.12), (4.3.19)

and [GR07, Eq.(3.381.1)]

SER = P [I ≤ R]
(mλsd)

nm

Γ (nm)
µ (mλsd, nm) + P [I > R]

(m2λsdλrd)
nm√

π

Γ (nm)

×
∞∑

α=0

{m (λsd − λrd)}2α µ (m (λsd + λrd)/2, 2α + 2nm)

42α+nm−0.5α!Γ (α + nm + 0.5)
(4.3.22)

For Rayleigh fading channel, (4.3.22) can be written as

SER = P [I ≤ R]
λn

sdµ {λsd, n}
(n− 1)!

+ P [I > R]
(λsdλrd)

n√π

(n− 1)!

×
∞∑

α=0

(λsd − λrd)
2α µ {(λsd + λrd)/2, 2α + 2n}

42α+n−0.5α!Γ (α + n + 0.5)
(4.3.23)

In case of SIMO, average SER can be evaluated from (4.2.2), (4.3.19) and [EM95, Eq.(A8)]

SER =
µ (msdλsd, nmsd)

Γ (nmsd)
(msdλsd)

nmsd (4.3.24)

Average received SNR

Average received SNR (γ̄), can be evaluated as [SA05, Eq.(1.1)]

γ̄ =
1

2

∫ ∞

0

θfΘT
(θ) dθ. (4.3.25)

In (4.3.25), the factor 1/2 is used, because average received SNR at multi-antenna destination is re-

ceived in two time-slots. For integer but non-identical severity of fading parameter, γ̄ can be evaluated

from (4.3.10), (4.3.25) and [GR07, Eq.(3.326.2)]

γ̄ =
1

2

[
n

λsd

P [I ≤ R] + P [I > R]

{
nmsd∑
α=1

αAα

(msdλsd)
α+1 +

nmrd∑

β=1

βBβ

(mrdλrd)
β+1

}]
(4.3.26)

In case of Rayleigh fading channel, (4.3.26) can be simplified as

γ̄ =
1

2

[
n

λsd

P [I ≤ R] + P [I > R]

{
n∑

α=1

αAα

(λsd)
α+1 +

n∑

β=1

βBβ

(λrd)
β+1

}]
(4.3.27)

For non-integer but identical severity of fading parameter, γ̄ can be evaluated from (4.3.12), (4.3.25)

and [GR07, Eq.(3.326.2)]

γ̄ =
1

2

[
n

λsd

P [I ≤ R] + P [I > R]
(m2λsdλrd)

nm√
π

m(2nm+1)Γ (nm)

×
∞∑

α=0

Γ (2α + 2nm + 1) (λsd − λrd)
2α 2(2−2α)

Γ (α + nm + 0.5) (λsd + λrd)
(2α+2nm+1) α!

]
(4.3.28)
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For Rayleigh fading channel, (4.3.28) reduces to

γ̄ =
1

2

[
n

λsd

P [I ≤ R] + P [I > R]
(λsdλrd)

n√π

(n− 1)!

×
∞∑

α=0

Γ (2α + 2n + 1) (λsd − λrd)
2α 2(2−2α)

Γ (α + n + 0.5) (λsd + λrd)
(2α+2n+1) α!

]
(4.3.29)

In case of SIMO, γ̄ can be evaluated with the help of (4.2.2), (4.3.25) and [GR07, Eq.(3.326.2)]

γ̄ =
n

λsd

. (4.3.30)

Average Capacity

Average capacity is define as [SA05, eq.(5.1)]

C =
1

2

∫ ∞

0

log2(1 + γ)fΘT
(γ)dγ (4.3.31)

Average capacity from (4.3.31), can be evaluated with the help of (4.3.10) and [GR07, Eq.(4.337.5)]

C =
1

2

[
(msdλsd)

nmsd

Γ (nmsd)
Ω (msdλsd, nmsd) P [I ≤ R] + P [I > R]

×
{

nmsd∑
α=1

AαΩ (msdλsd, α)

(α− 1)!
+

nmrd∑

β=1

BβΩ (mrdλrd, β)

(β − 1)!

}]
(4.3.32)

Here, Ω (α, β) = (β−1)!
αβ loge 2

β−1∑
µ=0

1
(β−µ−1)!

[
(−1)β−µ−2 αβ−µ−1 exp (α) Ei (−α)+

β−µ−1∑
ν=1

(ν − 1)! (−α)β−µ−ν−1

]
,

Ei (·) is exponential integral [GR07, Eq.(27.5.3)]. In case of Rayleigh fading channel, (4.3.32) reduces

to

C =
1

2

[
λn

sd

(n− 1)!
Ω (λsd, n) P [I ≤ R] + P [I > R]

×
{

n∑
α=1

AαΩ (λsd, α)

(α− 1)!
+

n∑

β=1

BβΩ (λrd, β)

(β − 1)!

}]
(4.3.33)

For integer and identical severity of fading parameter, average capacity can be evaluated with the help

of (4.3.12) and [GR07, Eq.(4.337.5)]

C =
1

2

[
P [I ≤ R]

(mλsd)
nm

Γ (nm)
Ω (mλsd, nm) + P [I > R]

(m2λsdλrd)
nm√

π

Γ (nm)

×
∞∑

α=0

{m (λsd − λrd)}2α Ω {m (λsd + λrd)/2, 2α + 2nm}
42α+nm−0.5α!Γ (α + nm + 0.5)

]
(4.3.34)
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For Rayleigh fading channel, (4.3.34) can be simplified as

C =
1

2

[
P [I ≤ R]

(λsd)
n

Γ (n)
Ω (λsd, n) + P [I > R]

(λsdλrd)
n√π

Γ (n)

×
∞∑

α=0

(λsd − λrd)
2αΩ {(λsd + λrd)/2, 2α + 2n}

42α+n−0.5α!Γ (α + n + 0.5)

]
(4.3.35)

In case of SIMO, average capacity is define as [SA05, eq.(5.1)]

C =

∫ ∞

0

log2(1 + γ)fγsd
(γ)dγ (4.3.36)

Average capacity from (4.3.36), can be evaluated with the help of (4.2.2) and [GR07, Eq.(4.337.5)]

C =
(msdλsd)

nmsd

Γ (nmsd)
Ω (msdλsd, nmsd) (4.3.37)

4.4 Numerical Results and Discussion

In evaluating the performance of the system, asymmetrical channel conditions (i.e. λsr=λrd 6=λsd)

have been considered, here r is placed between s and d. The threshold values of cooperative relaying

and conventional SIMO system are χ = 22R−1 and χSIMO = 2R−1, respectively and R is the spectral

efficiency in bps/Hz. Value of R is assumed to be unity for numerical evaluation. For various SNRs,

outage probability for integer value of m and non-integer value of m can be calculated from (4.3.14)

and (4.3.16), respectively. SER for integer value of m and non-integer value of m are calculated

from (4.3.20) and (4.3.22), respectively. Similarly, average received SNR for integer value of m and

non-integer value of m can be calculated from (4.3.26) and (4.3.28), respectively. Average channel

capacity for only integer value of m is calculated from (4.3.32) or (4.3.34). It has been found that

numerical values of the expressions converge up to fourth place of decimal digit in maximum forty

iterations (i.e. α=40). Plots of these performance parameter expressions in terms of infinite series for

non-integer values of m matches with its counterpart in terms of partial fraction for integer values of

m. In Fig. 4.2, Fig. 4.3 and Fig. 4.4, the outage performance has been plotted for various values of

n, m and ψ. Due to wastage of one time slot in cooperative relay network, spectrum efficiency of this

system is just half of SIMO system. So for faithful comparison, performance of BPSK for SIMO has

been compared with the performance of QPSK for cooperative relay network and plotted in Fig. 4.5,
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Fig. 4.6 and Fig. 4.7. Average received SNR has been plotted in Fig. 4.8, Fig. 4.9 and Fig. 4.10.

Similarly, average capacity of such system has been plotted in Fig. 4.11, Fig. 4.12 and Fig. 4.13. It

is observed that direct transmission is better at lower SNR because most of time relay will not decode

the message (i.e. relay will not participate) and unnecessary wastage of spectrum efficiency will take

place. At higher SNR, relay assisted transmission is better than direct transmission as probability of

participation of relay increases. SNR corresponding to intersection point of direct transmission curve

and curve for transmission through relay increases with increase in antenna elements at destination.

This is due to fact that slope of these performance curve increases and advantage of cooperation will

be visible at much higher SNR. It is worthwhile to mention here that at higher SNR, logarithm term in

capacity expression of relay based system will increase marginally compared to the capacity expression

of SIMO system but capacity for relay system become half due to multiplication factor of 1/2. Hence

capacity plots for SIMO system again outperform relay based system. At higher path-loss condition,

communication through intermediate relay node is superior to lower path-loss condition because signals

are intermediately boosted up. In such scenario, performance of cooperative relaying is equivalent or

may outperform SIMO system of same diversity order. From Fig. 4.6, it can be seen that at high path-

loss conditions and above 16dB SNR, SER performance of cooperative relaying for QPSK with two

antennas at destination becomes better than that of SIMO with BPSK and having four antennas at the

destination. Similar type of observations can be made for the case of outage, average received SNR and

capacity plots.

4.5 Conclusion

In this chapter, the outage probability, SER, average received SNR and average capacity of coop-

erative relay network having a multi-antenna base station have been with a conventional SIMO system.

Analytical expressions for each case have been derived. It is seen that, superior performance of coop-

erative relaying over conventional SIMO system depends on path-loss conditions, number of antenna

elements on destination and SNR conditions. For same performance level in some specific conditions,

cooperative relaying can be used to reduce the burden of large antenna array on base. Cooperative

relaying may outperform conventional SIMO system in higher path-loss condition.
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Figure 4.2: Outage performance (m = 1, ψ = 3)
of cooperative relay network communicating with
multi-antenna base station.
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Figure 4.3: Outage performance (m = 1, ψ = 5)
of cooperative relay network communicating with
multi-antenna base station.
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Figure 4.4: Outage performance (m = 3, ψ =
3) of cooperative relay network communicating
with multi-antenna base station.
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Figure 4.5: SER performance (m = 1, ψ = 3)
of cooperative relay network communicating with
multi-antenna base station.
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Figure 4.6: SER performance (m = 1, ψ = 5)
of cooperative relay network communicating with
multi-antenna base station.
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Figure 4.7: SER performance (m = 3, ψ = 3)
of cooperative relay network communicating with
multi-antenna base station.
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Figure 4.8: End-to-end average received SNR
(m = 1, ψ = 3) of cooperative relay network com-
municating with multi-antenna base station.
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Figure 4.9: End-to-end average received SNR
(m = 1, ψ = 5) of cooperative relay network com-
municating with multi-antenna base station.

0 2 4 6 8 10 12 14 16 18 20
−15

−10

−5

0

5

10

15

20

25

SNR (dB)

A
ve

ra
ge

 S
N

R
 (

dB
)

 

 

Relay (Partial Fraction)
Relay (Infinite Series)
SIMO

n=1

n=2

n=4

Figure 4.10: End-to-end average received SNR
(m = 3, ψ = 3) of cooperative relay network com-
municating with multi-antenna base station.
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Figure 4.11: Average Capacity (m = 1, ψ = 3)
of cooperative relay network communicating with
multi-antenna base station.
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Figure 4.12: Average Capacity (m = 1, ψ = 5)
of cooperative relay network communicating with
multi-antenna base station.
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Figure 4.13: Average Capacity (m = 3, ψ = 3)
of cooperative relay network communicating with
multi-antenna base station.
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Chapter 5

Performance of Cooperative Relay Network

Supported by Multiple Relay

5.1 Introduction

Previous chapters dealt with a system model in which communication between source and destina-

tion is supported by a single relay. In this chapter we consider system models having more than one

relays. Use of more than one relays does not always ensure higher diversity order and all the available

relays need not participate all the time. Opportunistic relaying is a technique where only one relay

having best channel condition is allowed to cooperate. However, global knowledge of all relay channel

conditions is difficult to obtain, so some sub-optimum techniques are proposed in [BA08]. Distributed

space-time coding can also improve the spectral efficiency but the same is difficult to implement in real

scenario because prior knowledge of number of relay is necessary before encoding [LW03]. Besides

this, a lot of control signal exchanges are required for relay synchronization, which may reduce actual

throughput. In this chapter, all analysis have been carried out considering Rayleigh fading channel.

In section 5.2, a dual hop relay system has been analyzed in which multiple relays receive the

signal from source and one of the relays which decode the message successfully as well as has best

relay to destination channel condition, transmits in the second hop. An analytical expression for out-

age probability of dual-hop cooperative relay system has been derived and its performance has been

compared with a SIMO system have the number antennas same as the number of supporting relays.

In order to have fair comparison with SIMO system, the signal received in the first time slot is not

buffered and combined with the signal received via relay in second time slot. Next in section 5.3, out-

age performance of infrastructure based multi-antenna relay network in absence of direct link has been

69
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investigated. A closed form expression of outage probability has been derived, when the cooperating

relays and destination performs MRC of signals. The effect of relay antennas and relay placement on

the system performance has also been studied. In section 5.4, a system model in which communication

between single antenna source and destination supported by multiple relays and each relay is equipped

with single transmitting antenna and multiple receiving antennas has been considered. In this case,

multiple relays receive the signal from source through multiple antennas and and perform SC. One of

the relays which decodes the message successfully and have best relay to destination channel condi-

tion, transmits in second slot. Destination performs SC on the signal received through direct path and

through relay path. Closed form expression for outage probability has been derived in this section and

plotted for various number of relays, various number of antenna installed on these relays in various

SNRs conditions. In section 5.5, the effect of number of supporting relays and antennas installed on

destination has been investigated. Here, destination perform MRC of the signal received through direct

path and through various relay paths. Closed form expressions for outage probability, symbol error

rate, average received SNR and average capacity have been derived in this section. It has been found

that at lower SNR, performance of such system does not improve by increasing the number of sup-

porting relays. However, at higher SNR system performance improves with increment of supporting

relay, due to higher diversity order and higher probability of participation. Some of the work have been

reported and published in open literature. In [KB10a], closed form expression of outage probability for

opportunistic relay network has been derived.

5.2 Performance of Single antenna Relaying with SC

5.2.1 Opportunistic Relay Network

As shown in Fig. 5.1(a), opportunistic relay network consists of n relays ({rk}n
k=1), placed between

source (s) and destination (d). Due to half-duplex nature of relay, s transmits to all n relays (i.e.

r1, r2 · · · rk · · · rn) in first time-slot and one of the relay, which decodes the message successfully and

have best rk → d channel condition, transmits to the d in second time-slot. Direct link available between

source and destination has not been taken into consideration. PDF of received SNR (γij) is taken to

be exponentially distributed (as the channel is rayleigh fading type), which can be written as [SA05,

Eq.(2.7)]

fγij
(γ) = λij exp (−λijγ) , (5.2.1)
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Figure 5.1: (a) Dual-hop opportunistic relaying and (b) single-hop SIMO.

Here i ∈ {s, rk}, j ∈ {rk, d}, parameter λij = (2`ij/`sd)
ψ
/

ω, `ij represents distance between node

i and j, which is normalized by `sd/2, ψ is path loss exponent, ω is SNR at reference point. In this

system model relays are not communicating to each other (i.e. {i, j} /∈ {rk} at same time). Random

variable γij (mean 1/λij and variance 1
/
λ2

ij) captures the effect of long-term and short term fading.

The source distributes its message to all relays in first time slot. Those relays whose channel condition

from the source are good, can decode the message successfully. Such relays are member of decoding

set and represented here as potential relays. Any relay is member of the decoding set D (s), if mutual

information between s→ rk (i.e.Isrk
) is more than target data rate R (spectral efficiency) [ZAL05]:

Isrk
=

1

2
log2 (1 + γsrk

) > R (5.2.2)

In equation (5.2.2), multiplication factor 1/2 is used because such system operates in two time-slots and

utilizes only 1/2 part of channel. One of the potential relay having best relay to destination channel con-

dition, forwards the message to destination in second time slot. Hence, end-to-end mutual information

transmits in this scheme is given by

Isd =
1

2
log2 {1 + max (γrkd)} ∀rk ∈ D (s) (5.2.3)

The outage probability is mathematically defined as Pout = P [Isd ≤ R].
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Figure 5.2: Outage probability of opportunistic relay network.

Decoding Set Probability

Assuming that a relay is capable of deciding whether transmitted data has been decoded correctly

or not, probability of a relay being a member of the decoding set is given by

P [rk ∈ D (s)] = P [γsrk
> χ] (5.2.4)

Here χ = 22R − 1. So, (5.2.4) can written as

P [rk ∈ D (s)] = 1−
∫ χ

0

fγsrk
(γ)dγ = exp (−λsrk

χ) (5.2.5)

Moreover, since each potential relay makes its decision independently, probability of choosing any

decoding set can be expressed as

P [D (s)] =
∏

rk∈D(s)

P [rk ∈ D (s)]
∏

rk /∈D(s)

(1− P [rk ∈ D (s)]). (5.2.6)

In case of identically distributed Rayleigh fading (i.e. λsr1 , λsr2 · · ·λsrn = λsr) between s→ rk, (5.2.6)

can be simplified as

P [D (s)] =

(
n

ϕ

)
{exp (−λsrχ)}ϕ {1− exp (−λsrχ)}n−ϕ , (5.2.7)

here, ϕ is cardinality of decoding set D (s) (i.e. ϕ = |D (s)|).
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Conditional Outage Probability

Relay rk ∈ D (s), with best channel condition between rk → d, is allowed to transmit in the next

time slot. So, conditional outage probability P [Isd ≤ R |D (s) ] is defined as

P [Isd ≤ R |D (s) ] =
∏
ϕ

{1− exp (−λrkdχ)} (5.2.8)

Under the assumption that the channel between rk → d are i.i.d. (i.e. λr1d, λr2d · · ·λrnd = λrd), we can

simplify (5.2.8) as given below

P [Isd ≤ R |D (s) ] = {1− exp (−λrdχ)}ϕ (5.2.9)

Total Outage Probability

From total probability law, Pout for the regenerative scheme can be expressed as [BA08, Eq.(15)]

P relay
out =

∑

D(s)

P [D (s)] P [Isd ≤ R |D (s) ] (5.2.10)

Here, summation is over all the possible decoding set D (s). Outage probability can be calculated

by substituting (5.2.6) and (5.2.8) into (5.2.10). Calculation of outage probability given in (5.2.10) is

difficult when the channels are assumed to be asymmetric. Under assumption of symmetric channel

between s→ rk and rk → d, (5.2.10) can be simplify with the help of (5.2.7) and (5.2.9)

P relay
out =

n∑
ϕ=0

(
n

ϕ

)
{exp (−λsrχ)}ϕ {1− exp (−λsrχ)}n−ϕ {1− exp (−λrdχ)}ϕ (5.2.11)

5.2.2 SIMO System

The system model for SIMO is shown in Fig. 5.1(b), here source (s) equipped with single antenna

and transmits message to destination (d), which is equipped with n antennas (d1, d2 · · · dk · · · dn). This

system works on the principle of selection diversity and choose kth antenna with best channel condition.

Probability of channel SNR between s→ dk, is below a certain threshold χSIMO

P [γsdk
≤ χSIMO] =

∫ χSIMO

0

fγsdk
(γ)dγ = 1− exp (−λsdk

χSIMO) (5.2.12)

here, χSIMO = 2R − 1. Outage probability of selection diversity for this case

P SIMO
out =

n∏

k=1

{1− exp (−λsdk
χSIMO)} (5.2.13)
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Figure 5.3: Outage probability of single antenna relay network (a) n=2, (b) n=4, when r placed at
various locations between s and d.

Under the assumption that the Rayleigh fading from s → dk are i.i.d. (i.e. λsd1 , λsd2 · · ·λsdn = λsd),

we can simplify (5.2.13) as given below

P SIMO
out = {1− exp (−λsdχSIMO)}n (5.2.14)

5.2.3 Numerical Results and Discussion

This section presents the comparison of outage performance of single-hop SIMO system with that

of dual-hop opportunistic relaying. s and d are assumed to be located at (0,0) and (0,100) respectively.

Outage probability expression is established in (5.2.11), which is plotted in Fig. 5.2, for various values

of n. Here, ψ is taken to be 3 and relays are assumed to be placed at middle point of s and d. Next

relays are placed at different locations, which ranges from 2 to 98 from s. ψ for s to r, s to d and r to d

links ranges from 2.5 to 4.5. Outage probability have been plotted in Fig. 5.3(a) and Fig. 5.3(b) for two

and four relay network, respectively. It has been found that the relays placed near the source receive

higher SNR, hence they have higher probability of being selected as potential relay but signals suffers

in next-hop due to higher path-loss. Similarly, when relays are placed near d, signals received at d does

not suffers due to path-loss but number of potential relays are less. Outage probability of such network

can be minimized when relays are placed at the middle of s-d link.
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Figure 5.4: Two-hop multi-antenna cooperative relaying in absence of direct link between between s
and d.

5.3 Multi-antenna Relay Cooperation in Absence of Direct Link

This section reports the outage performance of a system in which communication between source

and destination are supported by two multi-antenna relays. Source and destination are single-antenna

tiny wireless nodes and have limited signal processing capability. Hardware complexity for the relays

are not an important issue because they are infrastructure type fixed nodes. Relays operate here in adap-

tive decode forward mode hence remain silent if received SNR is below a particular threshold. In our

system model, only signals received through relays are combined, the signal received by destination

directly from the source is assumed to be too weak to make any contribution. Single transmitting an-

tennas at the relays and destination node together form a MISO system when buffering is employed at

the destination. Spectrum efficiency of relay based system suffers because relays operate in half-duplex

mode [ZAL05], hence communication with support of large number of relays is not recommended. For

avoiding any synchronization problem between nodes, channels are assumed to be orthogonal in time.

Fading channel between different pair of nodes (i.e. source-relay, relay-relay and relay-destination)

have been considered to be non-identical in statistical parameters, whereas identical fading parameters

are assumed for the channels seen by antenna elements of relays. Such an assumption has been made

because of the fact that receiving antennas on the relays are in close proximity of each other and are

likely to experience identically distributed fading. Link performance has been evaluated with vary-

ing number of antennas installed on relays and its placement at various locations in Rayleigh fading

channel.

TH-993_06610202



5.3. MULTI-ANTENNA RELAY COOPERATION IN ABSENCE OF DIRECT LINK 76

5.3.1 System Model

As shown in Fig. 5.4, a system model has been analyzed in which communication between source

(s) and destination (d) is supported by two multi-antenna relays (r1, r2). Here, r1, r2 are assumed to

be equipped with m, n receiving antennas, respectively and one transmitting antenna each. Due to

half-duplex nature of relays, s transmits to r1 and r2 in first time-slot (i.e. s → r1 and s → r2). Relay

r1 receives the signal from s through multiple links and performs MRC. If received SNR is above the

threshold of the decoder, the message is decoded by r1 and retransmitted to r2 and d (i.e. r1 → r2 and

r1 → d) in the second time slot. In case the received SNR at r1 is below the threshold, r1 will remain

silent in second time slot. Through multiple receiving antennas, relay r2 receives the signal from s and

r1 in first and second time slots, respectively. After coherent combination, if received SNR is above

a threshold, r2 retransmit the signal to d in third time slot. In this work, fading envelop is assumed

to be Rayleigh distributed, so the PDF of received SNR (γij) when jth node perform MRC of signals

transmitted from ith node [YA05]

fγij
(γij) =

λη
ijγ

η−1
ij

(η − 1)!
exp (−λijγij) , (5.3.1)

here i ∈ {s, r1, r2}, j ∈ {r1, r2, d}, λij = (2`ij/`sd)
ψ
/

ω, ψ is path loss exponent, `ij represents dis-

tance between node i and j, which is normalized by reference distance `sd/2, ω is SNR at reference

point. Value of η will be m, n, 1, if j is assigned to r1, r2, d, respectively. Since relays operates in

half-duplex mode they cannot transmit and receive the signal simultaneously. Relays r1 and r2 decode

the message if the receive SNR is above the particular threshold. In this condition, mutual information

(I) should be grater than target data rate R (spectral efficiency) [ZAL05]:

I =
1

3
log2 (1 + SNR) > R. (5.3.2)

In equation (5.3.2), we multiply logarithm with 1/3 because such system operates in three time-slots

and utilize only 1/3 part of channel.

5.3.2 Mathematical Analysis

In this section, we first outline the steps involved in finding out the PDF of total received SNR based

on the link conditions. With the PDF of received SNR known, outage probability expression has been

derived next.
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Probability of relay r1 remaining inactive

Relay r1 will not transmit (inactive mode), if maximum possible transmitted information between

s→ r1 (i.e. Isr1) is less than R, so its probability can be modeled as

P
[
rinactive
1

]
= P [Isr1 ≤ R] = P [γsr1 ≤ χ] , (5.3.3)

here, χ = 23R − 1 is the threshold. So, (5.3.3) can be written as [GR07, Eq.(3.381.1)]

P
[
rinactive
1

]
=

Γ (m,λsr1χ)

(m− 1)!
. (5.3.4)

Probability that relay will transmit (active mode) can be given as

P
[
ractive
1

]
= 1− P

[
rinactive
1

]
. (5.3.5)

Probability of relay r2 remaining inactive

If r1 is inactive then conditional probability of maximum possible transmitted information between

s→ r2 (i.e. Isr2) is less than R is given as [GR07, Eq.(3.381.1)]

P
[
Isr2 ≤ R| rinactive

1

]
= P [γsr2 ≤ χ]

=
Γ (n, λsr2χ)

(n− 1)!
. (5.3.6)

For the case when r1 is in active mode, r2 will coherently combined the signal received from s and r1.

In such scenario, r2 is in inactive mode, if maximum possible transmitted information between s→ r2

and r1 → r2 (i.e. Isr2+Ir1r2) is less than R. Conditional probability that r2 will not decode the message

can be calculated with the help of (5.3.1) and [GR07, Eq.(2.102)]

P
[
Isr2 + Ir1r2 ≤ R| ractive

1

]

= P [γsr2 +γr1r2 ≤ χ] (5.3.7)

=
n∑

α=1

AαΓ (α, λsr2χ)

λα
sr2

(α− 1)!
+

n∑
α=1

BαΓ (α, λr1r2χ)

λα
r1r2

(α− 1)!
,

here Aµ−κ+1 =
ψ

(κ−1)
A (−λsr2)

(κ−1)!
(λsr2)

µ (λr1r2)
µ, Bµ−κ+1 =

ψ
(κ−1)
B (−λr1r2)

(κ−1)!
(λsr2)

µ (λr1r2)
µ, ψA (s) = 1

(s+λr1r2)
µ

and ψB (s) = 1

(s+λsr2)
µ .

From the theorem of total probability, probability that r2 will not transmit (inactive mode) can be writ-

ten as

P
[
rinactive
2

]
= P

[
Isr2 ≤ R| rinactive

1

]
P

[
rinactive
1

]
(5.3.8)

+P
[
Isr2 + Ir1r2 ≤ R| ractive

1

]
P

[
ractive
1

]
.
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Probability that relay will transmit (active mode)

P
[
ractive
2

]
= 1− P

[
rinactive
2

]
. (5.3.9)

PDF of received SNR based on link condition

Let random variable Θ models the received SNR at d. In case r1 and r2 are inactive, the conditional

PDF of RV Θ can be written as

fΘ|rinactive
1 ,rinactive

2
(θ) = δ (θ) , (5.3.10)

where δ (•) is dirac delta function. When r1 is active but r2 is inactive, the conditional PDF is given by

fΘ|ractive
1 ,rinactive

2
(θ) = λr1d exp (−λr1dθ) . (5.3.11)

For the case when r1 is inactive but r2 is active, the conditional PDF is given by

fΘ|rinactive
1 ,ractive

2
(θ) = λr2d exp (−λr2dθ) . (5.3.12)

When both r1 and r2 are active, the conditional PDF is given by

fΘ|ractive
1 ,ractive

2
(θ) =

λr1dλr2d

λr2d − λr1d

(5.3.13)

×{exp (−λr1dθ)− exp (−λr2dθ)} .

End-to-end PDF of received SNR

From the theorem on total probability, end-to-end PDF of received SNR can be written as

fΘT
(θ) = P

[
rinactive
1 , rinactive

2

]
fΘ|rinactive

1 ,rinactive
2

(θ)

+P
[
ractive
1 , rinactive

2

]
fΘ|ractive

1 ,rinactive
2

(θ)

+P
[
rinactive
1 , ractive

2

]
fΘ|rinactive

1 ,ractive
2

(θ)

+P
[
ractive
1 , ractive

2

]
fΘ|ractive

1 ,ractive
2

(θ) . (5.3.14)

In (5.3.14), r1 and r2 experience independent fading, so the event of relay participation will be inde-

pendent

P [rinactive
1 , rinactive

2 ] = P [rinactive
1 ] P [rinactive

2 ]

P [ractive
1 , rinactive

2 ] = P [ractive
1 ] P [rinactive

2 ]

P [rinactive
1 , ractive

2 ] = P [rinactive
1 ] P [ractive

2 ]

P [ractive
1 , ractive

2 ] = P [ractive
1 ] P [ractive

2 ] .





(5.3.15)
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Figure 5.5: Outage probability at d for multi-
antenna cooperative relay network for n = 2.
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Figure 5.6: Contour plot for outage performance
of multi-antenna cooperative relay network for
n = 2.

0
20

40
60

80
100

0

20

40

60

80

100
0

0.2

0.4

0.6

0.8

1

Relay 2 position
Relay 1 position

O
ut

ag
e 

P
ro

ba
bi

lit
y

Figure 5.7: Outage probability at d for multi-
antenna cooperative relay network for n = 4.
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Figure 5.8: Contour plot for outage performance
of multi-antenna cooperative relay network for
n = 4.

Outage Probability (Pout)

Outage occurs when received SNR falls below a certain specified threshold. Here, for the given

threshold χ, we can calculate outage probability as follows [SA05, Eq.(1.4)]

Pout =

∫ χ

0

fΘT
(θ) dθ. (5.3.16)
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Outage Probability can be calculated with the help of (5.3.14), (5.3.15), (5.3.16) and [GR07, Eq.(3.381.1)]

Pout = P
[
rinactive
1

]
P

[
rinactive
2

]
+ P

[
ractive
1

]
P

[
rinactive
2

] {1− exp (−λr1dχ)}
+P

[
rinactive
1

]
P

[
ractive
2

] {1− exp (−λr2dχ)}+ P
[
ractive
1

]
P

[
ractive
2

]

×
[
1 +

1

λr1d − λr2d

{λr2d exp (−λr1dχ)− λr1d exp (−λr2dχ)}
]

(5.3.17)

5.3.3 Numerical Results and Discussion

For evaluating the performance of this system, the following scenario is considered: s and d have

been assumed to be located at (0,0) and (0,100) respectively, while r1 and r2 are located at a distance

(from s), which ranges from 2 to 98. R, ψ and ω are assumed to be 1, 3 and 7dB, respectively. For

m=n=2, 4, outage performance have been plotted in Fig. 5.6 and Fig. 5.8, respectively. We observed

that when r1, r2 are placed near s, most of the time message is decoded by r1, r2. However, d receives

signal of lower strengths from r1, r2 resulting in high outage and system performance suffers. As

location of r1, r2 moves close to d, system performance again suffers as r1, r2 now receive poor signals.

Therefore, most of the time r1, r2 will not participate and diversity order of the system reduces. Outage

performance improves when r1 and r2 are away from both s and d. When r1 is near s compared to

r2 superior performance is obtained as compared to the case r1 is placed near d and r2 is placed near

s. This is due to fact that r2 have higher diversity order compared to r1, so r2 receives higher SNR

and it can be placed much closer to d. Installation of more number of receiving antennas on r1 and

r2 improves the relay participation, hence system performance improves. With increase of number of

antennas, distances of r1 and r2 from s can be increased for improving system performance.

5.4 Performance of Multi-antenna Relaying employing SC

This section presents outage performance of cooperative relay system in which transmission is

supported by multiple multi-antenna relays in asymmetric Rayleigh fading channel. Relays process the

signals if received SNR is more than a particular threshold else they remain silent, hence error would

not propagate to next stage. In first time-slot, message transmitted by source is decoded by each relay

after performing SC of signals. Those relays which are able to decode the message successfully and

have best channel with destination, are allowed to transmit in next time-slot. Destination performs SC

of the message received through direct path and through relay path. SC at destination requires only
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Figure 5.9: Two-hop multi-antenna relay system.

SNR measurements, which reduces receiver complexity. Here, required time-slots for p relay network

is only two; hence spectrum efficiency does not suffer compared to a system model in which destination

perform MRC. However, for incorporating such system, source should have knowledge of the channel

between relays and destination for deciding best channel. This can be possible through some feedback

mechanism which can increase control signal exchange and in rapidly changing environment it reduces

the actual throughput.

5.4.1 System Modeling

As shown in Fig. 5.9, cooperative relay network have a single antenna source (s) and destination

(d), communicating with the help of p relays (r1, r2 · · · rk · · · rp), here each relay equipped with q

antennas1. Due to half-duplex nature of rk, s transmits to rk (i.e. s → rk) and d (i.e. s → d) in first

time-slot. Any relay rk which is equipped with multiple-antenna, first selects the link with best s→ r
(l)
k

channel condition. If it is grater than a particular threshold, then that relay rk (potential relay) would

be possible candidate for re-transmitting the signal. One of the potential relays having best channel

condition to destination, allow to transmit in second time-slot. Destination receives the copy of direct

path and through relay path, accepts only one of the best copy of signal. The system model presented

here is similar to the system model analyzed in section 5.2, the difference is that relays have single

antenna and direct link is not considered in section 5.2.
1In this paper, symbol r

(l)
k represents lth receiving antenna of kth relay and r

(o)
k represents transmitting antenna of kth

relay.
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5.4.2 Mathematical Analysis

In our system model we assume that the random variable (RV) of received SNR (γij) is exponen-

tially distributed. So, probability distribution function (PDF) can be written as

fγij
(γ) = λij exp (−λijγ) (5.4.1)

Here i ∈
{

s, r
(o)
k

}
, j ∈

{
r
(l)
k , d

}
, 1/λij is SNR.

Probability of transmission by kth relay node

Probability of kth relay transmission (active mode) is given by

P [Isrk
> R] = P

[
max

(
γ

sr
(l)
k

)
> χ

]
= 1−

q∏

l=1

∫ χ

0

f
sr

(l)
k

(γ)dγ (5.4.2)

Here χ = 22R − 1, R is spectrum efficiency. So, we can write (5.4.2) as below

P [Isrk
> R] = 1−

q∏

l=1

{
1− exp

(
−λ

sr
(l)
k

χ
)}

(5.4.3)

Probability that the kth relay does not transmit (inactive)

P [Isrk
≤ R] = 1− P [Isrk

> R] (5.4.4)

PDF of received SNR based on link condition

Let, RV Θk models the received SNR at d via kth relay link, which take-care the fading on both

side in kth relay link. PDF of RV Θk, when kth relay would not transmit

fΘk|Isrk
≤R (θ) = δ (θ) (5.4.5)

For the case when kth relay will transmit, then conditional PDF is given as

fΘk|Isrk
>R (θ) = λ

r
(o)
k d

exp
(
−λ

r
(o)
k d

θ
)

(5.4.6)

PDF of total received SNR

From theorem on total probability, PDF of received SNR through kth relay link can be expressed as

fΘk
(θ) = fΘk|Isrk

≤R (θ) P [Isrk
≤ R] + fΘk|Isrk

>R (θ) P [Isrk
> R] (5.4.7)
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Figure 5.10: Outage performance of cooperative relay network.

Outage Probability

Outage occurs when received SNR, falls below a certain specified threshold (χ). Here, for this

system model, Pout can be calculated as

Pout =

∫ χ

0

fγsd
(γ) dγ

p∏

k=1

∫ χ

0

fΘk
(θ) dθ (5.4.8)

So, (5.4.8) can be simplify as

Pout = {1− exp (−λsdχ)}
p∏

k=1

q∏
l=1

{
1− exp

(
−λ

sr
(l)
k

χ
)}

+

[
1−

q∏
l=1

{
1− exp

(
−λ

sr
(l)
k

χ
)}] {

1− exp
(
−λ

r
(o)
k d

χ
)} (5.4.9)

5.4.3 Numerical Results and Discussion

In evaluating the performance of the system, asymmetrical channel condition (i.e. λ
sr

(l)
k
6=λ

r
(o)
k d
6=λsd)

has been assumed. Spectral efficiency R is assumed to be unity. For various SNRs, outage probabil-

ity at destination is calculated using (5.4.9) and the same has been plotted in Fig. 5.10. It has been

observed that performance of system improves with increase of supporting relays (i.e. p) and antenna

installed on relays (i.e. q). This is due to fact that higher number of q improves the probability of relay

participation and probability of better received SNR at d increases with increment of p. However, in

such system model, a lot of control signal exchange may be required if channel is rapidly changing

which reduces the actual throughput.
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Figure 5.11: Two-hop system in which single antenna source, relay communicating with multi-antenna
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5.5 Performance of Relay Network employing MRC

This section presents outage probability, average error probability, average received SNR and chan-

nel capacity of a system in which single source and multiple cooperative relay terminals are commu-

nicating with a destination (base station). Here, source and relays are equipped with single antenna

but destination is equipped with multiple antennas. Analytical expressions for each case have been de-

rived for Rayleigh fading channel. Such system model is useful for the case of user cooperation where

source and relays are tiny wireless user terminals and destination is a base station which is equipped

with multiple antennas.

5.5.1 System Modeling

As shown in Fig. 5.11, communication between source (s) and destination (d) takes place with

the help of p supporting relays (i.e. r1, r2 · · · rk · · · rp), which are located at middle. Each terminal

s and rk have single antenna but the terminal d have q antennas2. To avoiding any synchronization

problem between s and rk, channels are assumed to be orthogonal in time which require p+1 time-slots

for complete transmission. s transmits to each rk and d in first time-slot. If received SNR at rk is

above a particular threshold (active mode), the message is assumed to be decoded without error and

re-transmitted to the d in their respective time slots. Multi-antenna destination coherently combines

all the copies of signal, received through direct path and various active relay paths. In this system

2In this section, rk represents kth relay and d(k) represents kth antenna of d.
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model, it is assumed that the signals received at d via various relay paths are identically distributed.

Such assumption is made because all relays are located at same place (i.e. at middle of s, d) and

relative distance among the relays are negligible compared to the distance between s, d. However,

signals received at d through direct path is nonidentical to the various relay paths because transmitters

s and rk are located at different locations. In this section, we assumed that received SNR at r (γsrk
) is

exponentially distributed, PDF of which can be given as [SA05, Eq.(2.21)]

fγsrk
(γ) = λsrk

exp (−λsrk
γ) . (5.5.1)

where λsrk
= (2`srk

/`sd)
ψ
/

ω, ψ is path loss exponent, ω is the SNR at reference point, `srk
represents

distance between node s and rk, which has been normalized here by half the distance between s and

d (i.e. `sd/2). Destination is equipped with multi-antenna array and performs MRC of identically

distributed signals, so the PDF of received SNR at d can be written as [YA05]

fγij
(γ) =

λn
ijγ

n−1

(n− 1)!
exp (−λijγ) , (5.5.2)

where i ∈ {s, rk}, j ∈ {d}, n is the number of antennas at d, λij = (2`ij/`sd)
ψ
/

ω, `ij represents

distance between node i and j. In first hop, if received SNR at any rk is above the required threshold,

then that relay decodes the message received from source. This condition, corresponds to mutual

information (Isrk
), transmitted by the source is more than target data rate R (spectral efficiency) [LW03]

Isrk
=

1

p + 1
log2 (1 + γsrk

) > R (5.5.3)

In equation (5.5.3), we multiply logarithm with 1/(p + 1) because such system operates in p + 1 time-

slots and utilize only 1/(p + 1) part of channel.

5.5.2 Channel Modeling

Probability of transmission by kth relay node

Probability of kth relay transmission (active mode) is given by [ZAL05]

P [Isrk
> R] = P [γsrk

> χ]

= 1−
χ∫

0

fsrk
(γ) dγ

= exp (−λsrk
χ) (5.5.4)
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Here χ is threshold value. Probability that the kth relay does not transmit (inactive)

P [Isrk
≤ R] = 1− P [Isrk

> R] (5.5.5)

PDF of received SNR based on link condition

Let, random variable (RV) Θk models the received SNR at d via kth relay link, which take-care of

the fading on both side in kth relay link. PDF of RV Θk, when kth relay would not transmit

fΘk|Isrk
≤R (θ) = δ (θ) (5.5.6)

For the case when kth relay would transmit, then conditional PDF of identically distributed channel

between rk → d (i.e. ∀λrkd = λrd) is given as

fΘk|Isrk
>R (θ) =

λq
rkdθ

q−1

(q − 1)!
exp (−λrkdθ) (5.5.7)

PDF of total received SNR

From theorem on total probability, PDF of received SNR through kth relay link can be expressed as

fΘk
(θ) = fΘk|Isrk

≤R (θ) P [Isrk
≤ R]

+fΘk|Isrk
>R (θ) P [Isrk

> R]
(5.5.8)

MGF3 of fΘk
(θ), through kth relay link can be written as

Mk(s) = P [Isrk
≤ R] + P [Isrk

> R]

(
λrd

s + λrd

)q

(5.5.9)

If channels between s→ d and s→ rk → d are independent and non-identical then total MGF is given

as

MT (s) = Msd(s)

p∏

k=1

Mk(s) (5.5.10)

Here, Msd(s) is the MGF of direct link. For the case when s → d link is identically distributed (i.e.

∀λsd(l) = λsd), MGF of s-d link can be written as Msd(s) = λq
sd/(s + λsd)

q. For identical channel

between s→ rk (i.e. ∀λsrk
= λsr and ∀Mk(s) = Msrd(s)), total MGF can be simplified as

MT (s) = Msd(s) [Msrd(s)]
p (5.5.11)

3Mk(s) =
∫∞
0

fΘk
(θ) exp (−sθ)dθ
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So, MT (s) can be simplified using method of partial fractions [GR07, Eq.(2.102)]

MT (s) = {P [I ≤ R]}p

(
λsd

s + λsd

)q

+

p−1∑

k=0

(
p

k

)
{P [I ≤ R]}k {P [I > R]}(p−k)

×



q∑
α=1

Aα

(s + λsd)
α +

q(p−k)∑

β=1

Bβ

(s + λrd)
β


 (5.5.12)

Here An−k+1 =
ψ

(k−1)
A (−λsd)

(k−1)!
(λsd)

q (λrd)
q(p−k), ψA (s) = 1

(s+λrd)q(p−k) ,

Bn−k+1 =
ψ

(k−1)
B (−λrd)

(k−1)!
(λsd)

q (λrd)
q(p−k), ψB (s) = 1

(s+λsd)q . Expression for PDF of received SNR at d

can be found out, by taking inverse Laplace transform of MT (s). So the PDF of end-to-end received

SNR can be written as

fΘT
(θ) =

{P [I ≤ R]}p

(q − 1)!
λq

sdθ
q−1 exp (−λsdθ)

+

p−1∑

k=0

(
p

k

)
{P [I ≤ R]}k {P [I > R]}(p−k)

×



q∑
α=1

Aαθα−1

(α− 1)!
exp (−λsdθ) +

q(p−k)∑

β=1

Bβθβ−1

(β − 1)!
exp (−λrdθ)


 (5.5.13)

5.5.3 System Performance

Outage Probability

Outage probability (Pout), can be evaluated as [SA05, Eq.(1.4)]

Pout =

∫ χ

0

fΘT
(θ) dθ, (5.5.14)

so, Pout can be evaluated from (5.5.13), (5.5.14) and [GR07, Eq.(3.381.1)]

Pout = {P [I ≤ R]}p Γ (q, λsdχ)

(q − 1)!

+

p−1∑

k=0

(
p

k

)
{P [I ≤ R]}k {P [I > R]}(p−k)

×



q∑
α=1

AαΓ (α, λsdχ)

λα
sd (α− 1)!

+

q(p−k)∑

β=1

BβΓ (β, λrdχ)

λβ
rd (β − 1)!


 (5.5.15)
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Figure 5.12: Outage probability of system (a) q=1, (b) q=2, at various SNR and relays placed at the
middle of s and d.

where, Γ (·, ·) is upper incomplete gamma function [GR07, Eq.(8.350.1)].

Average Symbol Error Rate

Average SER for M-PSK modulated signal is define as [SA05, Eq.(5.1)]

SER =

∫ ∞

0

Q
(√

cθ
)

fΘT
(θ) dθ, (5.5.16)

where, c = 2 sin2 (π/M). Average SER from (5.5.16), can be evaluated from (5.5.13) and proper

substitution in [EM95, Eq.(A8)]

SER =
{P [I ≤ R]}p

(q − 1)!
λq

sdµ (λsd, q)

+

p−1∑

k=0

(
p

k

)
{P [I ≤ R]}k {P [I > R]}(p−k)

×




q∑
α=1

Aαµ (λsd, α)

(α− 1)!
+

q(p−k)∑

β=1

Bβµ (λrd, β)

(β − 1)!





(5.5.17)

Average received SNR

Average received SNR (γ̄), can be evaluated as [SA05, Eq.(1.1)]

γ̄ =
1

p + 1

∫ ∞

0

θfΘT
(θ) dθ. (5.5.18)
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Figure 5.13: SER of system (a) q=1, (b) q=2, at various SNR and relays placed at the middle of s and
d.

In (5.5.18), the factor 1/(p + 1) has been used as signal is received at multi-antenna destination received

in (p + 1) time-slots. End-to-end average SNR γ̄ can be evaluated from (5.5.13), (5.5.18) and [GR07,

Eq.(3.326.2)]

γ̄ =
1

1 + p

[
{P [I ≤ R]}p q

λsd

(5.5.19)

+

p−1∑

k=0

(
p

k

)
{P [I ≤ R]}k {P [I > R]}(p−k)

×




q∑
α=1

Aαα

(λsd)
α+1 +

q(p−k)∑

β=1

Bββ

(λrd)
β+1








(5.5.20)

Average Capacity

Average capacity is defined as [SA05, Eq.(5.1)]

C =
1

p + 1

∫ ∞

0

log2(1 + θ)fΘT
(θ)dθ (5.5.21)
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Figure 5.14: Average received SNR of system (a) q=1, (b) q=2, at various SNR and relays placed at the
middle of s and d.

Average capacity from (5.5.21), can be evaluated with the help of (5.5.13) and proper substitution

in [GR07, Eq.(4.337.5)]

C =
1

1 + p

[{P [I ≤ R]}p

(q − 1)!
λq

sdΩ (λsd, q)

+

p−1∑

k=0

(
p

k

)
{P [I ≤ R]}k {P [I > R]}(p−k)

×




q∑
α=1

AαΩ (λsd, α)

(α− 1)!
+

q(p−k)∑

β=1

BβΩ (λrd, β)

(β − 1)!








(5.5.22)

here, Ω (α, β) = (β−1)!
αβ loge 2

β−1∑
µ=0

1
(β−µ−1)!

[
(−1)β−µ−2 αβ−µ−1 exp (α) Ei (−α)+

β−µ−1∑
ν=1

(ν − 1)! (−α)β−µ−ν−1

]
,

Ei (·) is exponential integral [GR07, Eq.(27.5.3)].

5.5.4 Numerical Results and Discussion

In evaluating the performance of the system, asymmetrical channel conditions have been assumed

i.e. λsr=λrd 6=λsd, where rk is placed between s & d. The threshold values of cooperative relaying

is χ = 2(p+1)R − 1, here R is spectral efficiency in b/s/Hz. Value of R is assumed to be unity for

numerical evaluation. Outage probability, SER, average received SNR and average capacity have

been plotted in Fig. 5.12, Fig. 5.13, Fig. 5.14 and Fig. 5.15 respectively, for various values of p, q, ψ

and SNR (i.e. ω). Each cooperative relay utilizes one time slot out of p + 1 time slots, hence spectrum

efficiency of such system become 1/(p + 1) part of available spectrum. So modulation parameter
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Figure 5.15: Average received SNR of system (a) q=1, (b) q=2, at various SNR and relays placed at the
middle of s and d.

M = p + 1, has been chosen for faithful comparison between different numbers of cooperative relay

nodes. We observed that less number of relay cooperation is better at lower SNR because most of

time relay would not decode the message (i.e. relay would not participate) and unnecessary wastage

of spectrum efficiency will take place. At higher SNR, more number of relay assisted transmission is

superior because probability of relay participation increases. As can be seen from the Fig. 5.12 and

Fig. 5.13, SNR corresponding to intersection points of the curves for lower and higher values of p

increases with the increase in the number of antennas at the destination. This is due to fact that slope

of these performance curves increases and advantage of cooperation will be visible at higher SNRs.

More number of relay cooperation at higher path-loss condition is also found to perform better because

signals are intermediately boosted up by the relay terminals.

5.6 Conclusion

In this chapter, performance of a system in which communication between source and destination is

supported by multiple relay in Rayleigh fading channel has been analyzed. In section 5.2, closed-form

expression of outage for dual-hop opportunistic relaying has been derived and the outage performance

has been compared with that of a single-hop SIMO system. The results shows that performance of

dual-hop opportunistic relay network may become inferior to conventional SIMO system, if the relays

are placed near the source or the destination. Placement of relays at the middle of source and destina-

tion has been found to outperform conventional SIMO system in higher path-loss condition. Outage
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performance of dual-hop opportunistic relay over single-hop SIMO further improves in higher path-

loss condition. Next in section 5.3, outage performance of two relay cooperation in absence of direct

path, has been investigated. Analytical expression of outage probability has been found. Results shows

that number of antennas installed on relays and location of relays, play vital role on the system per-

formance. It is seen that if one of the relay having lower order of diversity, placed near the middle of

source-destination link and other relay having higher diversity order, placed near the destination gives

better performance. Performance of this system can be improved by increasing number of antennas

installed on relays. In this case, positioning of relays can be shifted towards destination for further

improvement of system performance. In section 5.4, analytical expression for calculating end-to-end

outage probability for multiple cooperative relay network employing multiple antenna relay, has been

derived for the case when relay and destination perform SC of signals. Results show that, outage per-

formance improves with increasing the number of relays and antennas installed on those relays. Next

in section 5.5, outage probability, SER, average received SNR and average capacity of a system in

which multiple cooperative relay terminals communicate with a multi-antenna base station have been

analyzed. Analytical expressions for each case has been derived. It has been found that, performance

of such cooperative relaying depends on path-loss conditions, number of cooperating relay terminals,

number of antenna elements on destination and SNR conditions. Higher number of relay participation

may deteriorate the system performance in lower SNR condition but performance improves in higher

SNR condition. Monte Carlo simulation has been carried out and numerical evaluation of analytical

expressions derived in this chapter are found to match with simulation results.
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Chapter 6

Conclusions

As stated at the outset, the field of high-data-rate, spectrally efficient and reliable wireless commu-

nication is currently receiving much attention. Cooperative transmission is emerging as an effective

technique for combating the effects of path loss, shadowing and multi-path fading. Cooperative relay-

ing provides diversity gain, reduces outage and improves BER performance. In this thesis cooperative

relaying with multi antenna infrastructure based relays has been investigated in detail. Use of multiple

receiving antennas in a relay increases probability of relay participation when appropriate combining

technique is used and such system has potential for improving the performances of existing as well

as emerging wireless communication technologies involving communication between single antenna

source and destination. Apart from multi antenna relays, in this thesis investigation has been carried

out for systems involving multiple single antenna relays and effect of cooperative relaying on the per-

formance of a multi antenna destination has been studied. The main contributions of the thesis are

summarized in Section 6.1 and a few tracks for future research are outlined in Section 6.2.

6.1 Summary of Contributions

A major portion of this thesis is devoted in investigating the performance of cooperative relaying with

multi-antenna relays in Rayleigh/Nakagami-m fading channels. Communication with the help of re-

lay terminals can exploit spatial diversity, which improve the system performance in fading channel.

Installation of multiple antennas at relay terminals is possible if they are infrastructure type, which fur-

ther improve the system performance through increased relay participation. In such type of a system, a

relay receives the signal from multiple antennas, decodes it and forwards to the next stage. Destination

may perform various diversity combining schemes on the signal received via direct path and via relay
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path. In chapter 2 and chapter 3, performance of such system have been analyzed in various path-loss

condition, severity of fading, relay placement at different locations and different number of antennas

installed on relay. It is found that for relay placement at some specific locations, the performance

of system depends only marginally on number of antennas installed on the relay and the combining

schemes used at relay and destination. System performance can be improved significantly by appro-

priately positioning the relay. For such positioning, system performance depends to a considerable

extent on number of antennas on the relay and the combining schemes at relay and destination. Analyt-

ical expressions for various performance parameters for different combining schemes in Rayleigh and

Nakagami-m fading channel have also been derived. Apart from the basic three node systems shown in

Fig. 2.1 and Fig. 2.7, other multi-antenna relaying schemes have also been investigated in this thesis.

In chapter 4, analysis has been carried out for a system model in which communication between source

and multi-antenna destination is supported by a single-antenna regenerative relay in Nakagami-m fad-

ing channel. Comparative performance of such a system with conventional SIMO system, in various

severity of fading, different path-loss condition and different number of antenna elements on desti-

nation, have been studied. At higher path-loss condition, communication through intermediate relay

node has been found superior as compared to performance in lower path-loss condition because signals

are intermediately boosted up. In such scenario, performance of cooperative relaying is equivalent or

may outperform SIMO system of same diversity order. Communication between source and destina-

tion supported by multiple relays are studied in Chapter 5. Here, in section 5.2, outage performance

of dual-hop opportunistic relaying has been compared with that of a single-hop SIMO system. The

results shows that performance of dual-hop opportunistic relay network may become inferior to con-

ventional SIMO system, if the relays are placed near the source or the destination. Cooperative scheme

with relays placed at the middle of source and destination has been found to outperform conventional

SIMO system. Outage performance of dual-hop opportunistic relay over single-hop SIMO improves

further in high path-loss condition. Next in section 5.3, outage performance of two multi-antenna relay

cooperation in absence of direct path, has been investigated. Results shows that number of antennas

installed on relays and location of relays, plays vital role on the system performance. In section 5.4,

system performance has been evaluated for the case when multiple multi-antenna relays support the

communication between single antenna source and destination. Here, each relay and destination per-

form selection combining of signal. Analytical expressions have been derived for such a system and its

performance has also been studied through simulation. In section 5.5, a system in which single antenna

source and relays communicate with multi-antenna destination has been analyzed. Here, it is observed
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that less number of relay cooperation is better at lower SNR because most of time relay will not decode

the message (i.e. relay would not participate) and unnecessary wastage of spectrum efficiency will take

place. At higher SNR, more number of relay assisted transmission is preferable because probability of

relay participation increases.

6.2 Tracks for Future Work

This thesis has investigated the performance of some of the basic multi-antenna cooperative re-

laying schemes. For practical implementation of such multi antenna cooperative relaying schemes in

a network environment, it is necessary to investigate several other issues, some of which are briefly

outlined below:

¤ System modelling taking inference into consideration: In network scenario, cooperative relay

system can suffer from co-channel and adjacent channel interference in to consideration. Hence,

effect of these interference need be addressed in future.

¤ Power Optimization based on link condition: Wireless nodes generally have limited battery

power. If relay based systems have some feedback mechanism then power can be allocated based

on link condition [CSY08]. Such dynamic allocation of power may save battery power or boost

the data transfer rate and hence an important area to be investigated.

¤ Full duplex operation of relays: Relay operation in half-duplex mode creates system bandwidth

expansion. Full-duplex relay operating in single frequency can solve this problem. Hence, further

investigation is necessary for full-duplex relay operation.

¤ Spectral efficiencies: Orthogonal transmission from relays to receiver in different time slots

effects the spectrum efficiency. Relays can interact with the receiver using orthogonal codes

which avoid bandwidth expansion. Therefore, orthogonal code design for distributed relay nodes

may be a possible extension of this work.

¤ Complexity performance trade off: Relays can process the signal in non-regenerative or re-

generative mode depending on their functionality. Non-regenerative mode of operation puts

less processing burden as compared to regenerative mode of operation, hence often preferred

when complexity and/or latency are important issues. Scope exists in extending the present
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work for non-regenerative mode of relay operation. Noise amplification is a major issue in non-

regenerative mode of operation.

¤ System performance in fast fading scenarios: In this thesis slow fading environment has been

considered, here channels are independently faded from one time-slot to other time-slot but re-

main stationary in a particular time-slot. Relay operation in fast fading environment will be

possible extension of this work.

¤ Multi-hop communication: The research community has increased its attention towards wire-

less multi-hop communication due to it envisioned application of Ad-Hoc networks, sensor net-

work and range-extension of cellular networks. This work generally investigates two-hop com-

munication which may be extended for multi-hop communication.

TH-993_06610202



Appendix A

Supplementary Materials

A.1 Error Expression

In the study of coherent reception of fading signals, the following integral Frequently arises,

P =
ab

Γ (b)

∫ ∞

0

e−attb−1Q
(
−
√

ct
)

dt, (A.1.1)

where Q (x) = 1√
2π

∫ x

−∞ e−t2/2dt, and a, b, and c are positive real numbers; noting that Q (−x) =

1−Q (x) = 1√
2π

∫∞
x

e−t2/2dt, P may be written as

P =
ab

Γ (b)

1√
2π

∫ ∞

0

e−attb−1

∫ ∞

√
ct

e−u2/2dudt (A.1.2)

Note that the region of integration is the portion of the upper right quadrant above the curve t = u2/c

(t is the horizontal axis, u the vertical axis). Changing the order of integration, (A.1.2) is written as

P =
ab

Γ (b)

1√
2π

∫ ∞

0

e−u2/2

∫ u2/c

0

e−attb−1dtdu (A.1.3)

Letting x = at in the inner integral yields

P =
1

Γ (b)
√

2π

∫ ∞

0

e−u2/2

∫ au2/c

0

e−xxb−1dxdu (A.1.4)

where the the inner integral in (A.1.4) is now recognized as the incomplete Gamma function, which is

expressible as a confluent hypergeometric function by the following identity
∫ z

0

xb−1e−xdx = b−1zbe−z
1F1 (1; b + 1; z) (A.1.5)

Using (A.1.5) in (A.1.4) yields

P =
(a/c)b

bΓ (b)
√

2π

∫ ∞

0

u2be−αu2

1F1

(
1; b + 1; au2

/
c
)
du (A.1.6)
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where α = a/c + 1/2. Next, let y = αu2; then (A.1.6) becomes

P =
(a/c)2

Γ (b + 1) 2
√

2π

(
1

α

)b+1/2 ∫ ∞

0

yb−1/2e−y
1F1

(
1; b + 1;

a

αc
y
)

dy (A.1.7)

The integral in (A.1.7) is integrable by the following formula, which is easily verified by integrating

term by term the power series expansion of 1F1,

Γ (σ) 2F1 (σ, p; q; w) =

∫ ∞

0

e−yyσ−1
1F1 (p; q; wy) dy (A.1.8)

Eq. (A.1.8) is valid whenever the LHS converges, a sufficient condition for which is w < 1. Using

(A.1.8) in (A.1.7) yields

P =

√
γ

1 + γ

(1 + γ)−b Γ
(
b + 1

2

)

2
√

πΓ (b + 1)
2F1

(
1, b +

1

2
; b + 1; (1 + γ)−1

)
(A.1.9)

where γ = c/(2a). Note that since a and c are both assumed positive, the argument of the hyperge-

ometric function in (A.1.9), (1 + γ)−1, is less than one; hence (A.1.9) converges for all permissible

values of a, b and c.

A.2 Rational Function

If a, b, c, . . . , m are roots of the equation f (x)=0 and if α, β, γ, . . . , µ are their corresponding mul-

tiplicities, so that f (x) = (x− a)α (x− b)β . . . (x−m)µ, then ϕ (x)/f (x) can be decomposed into

the following partial fractions:

ϕ (x)

f (x)
=

Aα

(x− a)α +
Aα−1

(x− a)α−1 + . . . +
A1

x− a
+

Bβ

(x− b)β
+

Bβ−1

(x− b)β−1
+ . . . +

B1

x− b

+
Mµ

(x−m)µ +
Mµ−1

(x−m)µ−1 + . . . +
M1

x−m

where the numerators of the individual fractions are determined by the following formulas:

Aα−k+1 =
ψ

(k−1)
1 (a)

(k−1)!
, Bβ−k+1 =

ψ
(k−1)
2 (b)

(k−1)!
, . . . , Mµ−k+1 = ψ

(k−1)
m (m)
(k−1)!

ψ1 (x) = ϕ(x)(x−a)α

f(x)
, ψ2 (x) = ϕ(x)(x−b)β

f(x)
, . . . , ψm (x) = ϕ(x)(x−m)µ

f(x)

A.3 Derivation of Performance Parameters

From (2.1.12), end-to-end PDF of received SNR for MRC-MRC based system can be given as

f
(1)
Θ (θ) = P [I ≤ R] λsd exp (−λsdθ) + P [I > R]

(
λrodλsd

λrod − λsd

)
{exp (−λsdθ)− exp (−λrodθ)}

(A.3.1)
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here, P [I ≤ R] =
Γ(n,λ̄srχ)

(n−1)!
and P [I > R] = 1− Γ(n,λ̄srχ)

(n−1)!
. With the help of the PDF given in (A.3.1),

various performance parameters can be derived as follows

Outage Probability

Outage probability can be calculated as follows [SA05, Eq.(1.4)]

PMRC−MRC
out =

∫ χ

0

f
(1)
Θ (θ)dθ, (A.3.2)

PMRC−MRC
out = P [I ≤ R] λsd

∫ χ

0

exp (−λsdθ) dθ + P [I > R]

(
λrodλsd

λrod − λsd

)

×
{∫ χ

0

exp (−λsdθ) dθ −
∫ χ

0

exp (−λrodθ) dθ

}

here χ = 22R − 1. After evaluating the integral, outage probability can be given as

PMRC−MRC
out = {1− exp (−λsdχ)} Γ

(
n, λ̄srχ

)

(n− 1)!
+

[
1− Γ

(
n, λ̄srχ

)

(n− 1)!

]

×
[
1 +

1

λsd − λrod

{λrod exp (−λsdχ)− λsd exp (−λrodχ)}
]

Average error probability (PMRC−MRC
e ) for MPSK signals

PMRC−MRC
e =

∫ ∞

0

Q
(√

cθ
)

f
(1)
Θ (θ), (A.3.3)

where Q(·) is Gaussian Q-function, c = 2 sin2 (π/M) for M-PSK signal. So, average error probability

can be simplify with the help of (A.3.1), (A.3.3) and (A.1.9)

PMRC−MRC
e = P [I ≤ R] λsd

∫ ∞

0

Q
(√

cθ
)

exp (−λsdθ) dθ + P [I > R]

(
λrodλsd

λrod − λsd

)

×
{∫ ∞

0

Q
(√

cθ
)

exp (−λsdθ) dθ −
∫ ∞

0

Q
(√

cθ
)

exp (−λrodθ) dθ

}

After evaluating the integral, average error probability can be given as

PMRC−MRC
e = λsdµ (λsd, 1)

Γ
(
n, λ̄srχ

)

(n− 1)!
+

{
1− Γ

(
n, λ̄srχ

)

(n− 1)!

}

× λsdλrod

λrod − λsd

{µ (λsd, 1)− µ (λrod, 1)}

where, µ {x, y} = Γ(y)
xy

{√
c

2x+c
(2x+c)−yΓ(y+0.5)

2
√

πΓ(y+1)(2x)−y

}
2F1 (1, y + 0.5; y + 1; 2x

2x+c
), 2F1 (·, ·; ·; ·) is Gauss

hypergeometric function [GR07, Eq.(9.100)].
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End-to-end average received SNR (γ̄MRC−MRC)

Average received SNR can be evaluated by modifying (2.1.19) i.e.

γ̄ =
1

2

∫ ∞

0

θf
(1)
Θ (θ) dθ. (A.3.4)

So, (A.3.4) can be simplify with the help of (A.3.1) and [GR07, Eq.(3.326.2)]

γ̄MRC−MRC =
1

2

[
P [I ≤ R] λsd

∫ ∞

0

θ exp (−λsdθ) dθ + P [I > R]

(
λrodλsd

λrod − λsd

)
(A.3.5)

×
{∫ ∞

0

θ exp (−λsdθ) dθ −
∫ ∞

0

θ exp (−λrodθ) dθ

}]

After evaluating the integral, average received SNR can be given as

γ̄MRC−MRC =
1

2

[
Γ

(
n, λ̄srχ

)

λsd (n− 1)!
+

{
1− Γ

(
n, λ̄srχ

)

(n− 1)!

} {
λrod + λsd

λrodλsd

}]
(A.3.6)

Average capacity (CMRC−MRC)

Average capacity can be evaluated with the help of (2.1.20)

C =
1

2

∫ ∞

0

log2(1 + θ)f
(1)
Θ (θ)dθ. (A.3.7)

So, (A.3.7) can be simplify with the help of (A.3.1) and [GR07, Eq.(4.337.2)]

CMRC−MRC =
1

2

[
P [I ≤ R] λsd

∫ ∞

0

log2 (1 + θ) exp (−λsdθ) dθ + P [I > R]

(
λrodλsd

λrod − λsd

)

×
{∫ ∞

0

log2 (1 + θ) exp (−λsdθ) dθ (A.3.8)

−
∫ ∞

0

log2 (1 + θ) exp (−λrodθ) dθ

}]

After evaluating the integral, average capacity can be given as

CMRC−MRC =
−1

2 loge 2

[
Γ

(
n, λ̄srχ

)

(n− 1)!
exp (λsd) Ei (−λsd) +

{
1− Γ

(
n, λ̄srχ

)

(n− 1)!

}

×
(

λrodλsd

λrod − λsd

){
exp (λsd) Ei (−λsd)

λsd

− exp (λrod) Ei (−λrod)

λrod

}]

here Ei(·) is exponential integral [GR07, Eq.(8.211.1)].
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