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Abstract

Cooperative communications is a new wireless networking paradigm that allows
networking nodes to collaborate through distributed transmission and signal process-
ing to implement spatial and time signal diversity to combat the effects of fading
channels. These systems exploit the wireless broadcast advantage, where transmis-
sions from an omnidirectional antenna can be received by networking nodes that lie
within its communication range. Specifically, in cooperative relaying systems the
source broadcasts a message to a number of cooperative relays, which in turn resend
a processed version of the information to the intended destination nodes, emulating
antenna array effects. The destination nodes combine the signals received from the
collaborating relays, either to increase the capacity of communication links or to in-
crease the reliability of transmissions between the source and the destination. This
is accomplished with an approach similar to that used in recently introduced space-
time coding techniques for multiple-input multiple-output (MIMO) communication
systems.

This thesis is concerned with the power allocation problem in a transmit diversity
wireless system with mean channel gain information. With Rayleigh fading for a given
set of mean channel gains and nodes, the aim is to find the power allocation that min-
imizes the total transmit power for nodes involved in the transmission between the
source and the destination, where all of the transmitters use single omnidirectional
antennas. Specifically, the selection of store-and-forward relays deploying Alamouti-
type distributed space-time coding along a multipath connection is proposed for a
network with randomly distributed nodes. The proposed signal processing schemes
are based on the knowledge of interdistances between nodes. By adapting the trans-
mission power they control the selection of relay nodes, utilizing space-time coding to
minimize the total energy required to transmit the information. Geometric concepts
and abstractions are used to demonstrate the most energy-efficient relay choices.

The energy efficiency of conventional store-and-forward and space-time coded re-
laying schemes with an optimized choice of relays is analyzed for different propagation
conditions and for various node densities, with potential theoretical improvements
corroborated through simulations. This approach offers good power savings in com-
parison to the direct transmission and conventional store-and-forward approaches.
In addition, the selection of relay nodes is calculated more quickly and with less
complexity than is the case with the exhaustive search method.
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Chapter 1

Introduction

Traditional wireless networks (WNs) have predominantly used direct point-to-

point or point-to-multipoint transmissions, where the communicating nodes are equipped

with a single transmitter and a single receiver deploying omnidirectional antennas.

Recently this point-to-point, or single-input single-output (SISO), communication

framework has been changed dramatically, with the introduction of the multiple-

input multiple-output (MIMO) communication paradigm, where the source and the

destination use multiple antennas at both sides of the wireless link. By transmitting

in the same frequency band and at the same time, MIMO systems with advanced

signal processing are greatly increasing the capacity and reliability of wireless links.

A fundamental problem in wireless network design is the allocation of limited

1
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resources among the network users. In cross-layer communication protocol architec-

tures, to achieve higher bandwidth and power efficiency in wireless systems, integrated

protocol designs are pursued which involve close interactions between network and

physical layers [1]. In addition, to overcome distance limitations and power con-

straints, a natural approach in WNs is to use relay stations, with data packets taking

multihop and multiple paths toward the destination [2], [3].

Cooperative communications and networking allow different nodes in a wireless

network to share resources and to collaborate through distributed transmission and

processing, with each node’s information being sent out not only by the source but

also by the collaborating nodes. Specifically, distributed wireless nodes combat the

degrading effects of signal fading by automatically adapting the space-time block

coding (STBC) structure to changes in the wireless propagation environment, in a

manner similar to MIMO techniques. For a variety of processing algorithms and

transmission protocols, performance improvements in terms of transmission rate and

reliability have already been demonstrated by using the principles of the generalized

STBC [4].

Cooperative techniques are being considered for a variety of wireless and mobile

radio networks, including the IEEE 802 set of protocols. The IEEE 802.11 standard

in the area of wireless local area networks (WLANs) for indoor environments has

an IEEE 802.11s option which uses mesh networking with multihop topologies. The
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IEEE 802.16 standard, commonly referred to as Wi-Max, for wireless metropolitan

area networks, has an amendment, IEEE 802.16j, which is concerned with multihop

relaying to enhance coverage, throughput, and system capacity. Multihop cooperative

strategies are also being proposed for cellular systems with femto-sized cells as well

as for a broad range of wireless sensor networks (WSNs) and ad hoc networks [5], [6].

In most of the work on cooperative relaying, wireless system models do not fully

investigate the wireless broadcast advantage, where nodes overhearing the signals can

be exploited to achieve much better tradeoffs between the target bit error rate (BER)

performance and the required transmit power. This is a motivation for the research in

this thesis, where additional design options are considered for energy-efficient wireless

network operation. Specifically, the design of routing protocols with multiple-stage

relays utilizing STBC along a data path is proposed for a wireless network with

randomly distributed nodes. This work exploits the fact that modern wireless equip-

ment can be designed to adjust power levels automatically to the minimum needed to

achieve the desired target BER, by varying the output power depending upon channel

state information (CSI) [7]–[11].

The power control proposed in this thesis for the topology formation of the relay

nodes involved in STBC considers minimization of the total power in a single- and

double-stage multihop type of wireless networks. To achieve energy-efficient perfor-

mance, the nodes adjust their transmission power to overcome deterministic path loss
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and to reach the intermediate relays using a distributed type of Alamouti STBC with

sufficient receive power to ensure reliable communication. The decisions about which

nodes are involved in forwarding the STBC data between the source and destination

pairs are based only on the distances between the nodes, which in turn are linked to

the received signal strength indicator (RSSI) values and the transmit power used to

reach the desired nodes in the network [12]. In addition to addressing the geometric

analysis of the power-efficient topology problem, this thesis also focuses on finding

computationally efficient algorithms for the selection of STBC relay nodes which will

result in a topology formation requiring close to minimum energy. The significance

of this work is to demonstrate how to use the wireless broadcast advantage in the in-

tegration of STBC cooperative communications and adaptive power control for more

efficient transmit power utilization by exploiting information about the channel states

and user positions in the network. In this case, more efficient use of WN node batter-

ies comes at the expense of more complex signal processing at the nodes, as well as the

overhead associated with learning the CSI in a form of mean channel gain information

as determined by the RSSI and deterministic signal attenuation with distance.

The design of WNs is a complex field involving the knowledge and understanding

of many different areas, including radio channel characteristics, transceiver design in

fading environments, and communication protocol implementation. Some of these

issues are examined in the following sections, and a more detailed background is
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provided in Chapter 2.

1.1 Propagation and Fading Laws/Broadcast Chan-

nel Characteristics

When the wireless signal is transmitted from the transmitter to the receiver, it

undergoes through many impairments such as attenuation, fading, time and frequency

dispersion, non-linear distortions, etc. This thesis considers only two causes: free

space loss and multipath fading.

Any transmitted signal will fade and weaken as it travels through the air, with

the result that when the signal arrives at the receiver, it will be received with less

energy than was present at the transmitter side. As a first approximation, the signal

power at the receiver decreases with increasing distance between the transmitter and

receiver. This means that the transmitter should utilize sufficient power when sending

the signal to ensure that the signal is received with an acceptable power level [13], [14].

Wireless networks are usually placed in areas where many obstacles exist. If a

signal runs into obstacles, reflections of the signal with different phase shifts result.

From a single transmission, the receiver therefore receives multiple signals with dif-

ferent power levels. In the case of Rician fading, among many reflections there is

a line-of-sight signal, which should have the highest power level. If no line-of-sight

signal exists and the signal is retrieved from the combined effects of reflections, this

can be modeled as Rayleigh fading [15], [16].
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1.2 Power Control

This section presents the formula that is used in this thesis to calculate the trans-

mission power. From the deterministic path loss model it is known that the received

power is a decreasing function of distance, which can be written as follows:

PRx =
P0

rα
(1.1)

where P0 is the reference power at a distance equal to 1, which is dependent upon

the transmission power, the frequency used and the transmitter and receiver antenna

gain; r is the distance traveled by the signal from the transmitter to the receiver;

and α is the path loss exponent. The path loss exponent, α, which depends upon the

surrounding environment and terrain structure, can have a value ranging from 2 in

free space environments to 6 in dense urban areas [17].

In this thesis it is assumed that the power of noise at the receiver is 4 mW ; in

practical interpretations of the thesis simulation results an appropriate scaling power

should be applied. The target BER for this research is 10−3. To achieve this with

Rayleigh fading, the signal-to-noise ratio (SNR) should be 24 dB for conventional

transmissions and 14 dB for cooperative relay transmissions with two antennas. Fur-

ther information about the SNR is presented in the following chapter. With these

assumptions, in order to meet the required BER = 10−3 in a SISO system, the

received signal power is 1 W , and with some algebraic manipulations of (1.1), the
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transmit power PTx can be written as follows:

PTx ∼ rα (1.2)

In this thesis, omnidirectional antennas and homogenous propagation conditions are

assumed. These assumption simplify the notations in this thesis.

1.3 Relay Networks and Cooperation Techniques

In a cooperative paradigm, nodes which would have remained silent in a traditional

point-to-point communication framework cooperate with the source and the destina-

tion to increase communication capacity and reliability. Initial work on cooperative

communications introduced the concept of the relay node, where different relays re-

ceive noisy copies of the same information and, in a store-and-forward operation, each

relay decodes the original information and forwards it toward the destination. This

process reduces the energy required to send the information from the source to the

destination, as illustrated in Figure 1.1, where two-hop (single-stage) transmission

via node R is compared to direct transmission from the source S to the destination

D [18].

By using basic geometry, from Figure 1.1, d2 = d21+d22−2d1d2cosγ. Thus, if R lies

in the circle C, implying cosγ ≤ 0, it can be seen that d2 ≥ d21+
2
2. This implies that

in a free space propagation environment where α = 2, the total power required to
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R

C

S D

d1 d2

d

γ

Figure 1.1: Single-hop vs direct transmission.

transmit the information from the source to the destination using direct transmission,

PD = d2 is greater than the power used in store-and-forward mode via relay R, which

is P SF = d21 + d22.

From the point of view of energy consumption, it is better to communicate using

short multihop paths between the transmitter and receiver, with reduced transmission

power at each node, rather than using high power levels at the transmitter so that

the signal is received directly at the destination. The nodes could even lower their

transmission power more if additional stages are used, which results in more total

power savings.

More recent work on cooperative communications treats the wireless channel as a

MIMO channel with space-time coding based on cooperative diversity algorithms. In

wireless networks, signal fading arising from multipath propagation is usually com-

bated through the use of diversity transmission of redundant signals over essentially
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independent channel realizations, in conjunction with suitable receivers combining

multiple received signals and averaging the channel effects. Space, or multiple-

antenna, diversity techniques are particularly attractive as they offer dramatic perfor-

mance gains. In contrast to the more conventional forms of single-user space diversity

with physically co-located antenna elements, the distributed space-time coded proto-

cols in cooperative communications build upon the classical relay channel using nodes

equipped with single element antennas which act as the distributed virtual antenna

array visualized in Figure 1.2 [19].

Virtual Antenna Array

Relay Node

DS

Figure 1.2: Double-stage cooperative relay nodes forming a MIMO channel with
virtual antenna arrays.

Figure 1.2 illustrates an assembly of spatially distributed and possibly cooperating

terminals forming a distributed MIMO channel by means of virtual antenna arrays.
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1.4 Thesis Objectives

The objective of this study is to find a good routing algorithm and a power alloca-

tion scheme that uses the transmission power of nodes involved in data communication

between the source and the destination as the performance metric. The investigations

focus on two types of relay strategy: (i) the single-stage relay strategy and (ii) the

double-stage relay strategy. The motivating principle in these investigations is to find

the WN nodes which, when STBC is deployed, will minimize transmission power con-

sumption. This thesis takes advantage of: (i) cooperative relay nodes deploying STBC

and (ii) selection of the optimum forwarding topology among a number of different

options obtained through adjusting the transmission power level. The contribution

of this thesis is in the integration of these two approaches, which until now have been

investigated only as separate solutions. With the utilization of distributed STBC

and adaptive power allocation, greater power savings are realized than are achieved

with the conventional store-and-forward approach. This is due to the exceptional

STBC performance in fading channels. Direct transmission and store-and-forward

transmission are used as benchmarks in this study when comparing the results for

the proposed topology and power.

This thesis uses a distributed routing system similar to the link-state routing

protocol in a wireline network. In such a wireline routing protocol, all nodes in the

network are aware of the complete topology. In this thesis an equivalent approach
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is assumed, where the interdistance information is distributed among all the nodes

in the WN. The distribution of information in the WN could be done in a manner

similar to the link-state routing protocol. The goal of the thesis is to find an efficient

algorithm with reduced processing complexity that will determine the best routing

path, with knowledge of the transmission power. In order to introduce an algorithm

similar to that used in the link-state protocol, the focus is on developing an equivalent

to Dijkstra’s algorithm. In a wireline network this algorithm is very efficient due to

the limited number of links between the nodes. It therefore calculates the routing path

from a source to a destination in a short amount of time. However, this algorithm

would not have the same efficiency when applied to an ad-hoc WN, because it uses

a mesh topology which results in greater complexity when calculating the routing

path [20]. The algorithm process time would increase even more when STBC is

deployed, as this results in more possible paths from which to select.

Simulations in MATLAB are the primary vehicle used to verify the performance of

the proposed selection approach. In the simulations, the positions of the source and

the destination are fixed and randomly distributed potential relay nodes are gener-

ated. By utilizing the knowledge of the distances between all the nodes, the transmis-

sion power consumption is calculated in different propagation conditions for different

numbers of relay nodes and sizes of wireless network space. Different topologies with

distributed STBC are obtained by adjusting the power, and the corresponding power
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is calculated. The most energy-efficient topology could be selected by means of an

exhaustive search, however, in this thesis the computational complexity is reduced by

demonstrating an efficient method of obtaining the power and relay choice.

1.5 Thesis Organization

This thesis is organized as follows: Chapter 2 provides an overview of the BER per-

formance in Rayleigh fading channels and introduces the Alamouti version of space-

time block coding. Chapter 3 describes how to select the relay nodes to determine

the path for routing the information to the destination with minimum power con-

sumption. Chapter 4 presents the results and the performance of the proposed relay

node selection approach. Finally, in Chapter 5 the thesis results are summarized and

suggestions are provided for future work.



Chapter 2

Background

In this chapter the performance of wireless systems in fading environments and the

methods of mitigating BER degradation are reviewed. Specifically, the application of

space-time block coding is discussed, and it is shown how diversity reduces the total

transmit power.

This chapter is organized as follows. In Section 2.1 the Rayleigh fading channel

is explained. Diversity techniques are then discussed in Section 2.2. Finally, the

space-time block coding method is introduced in Section 2.3.

2.1 BER Performance in Rayleigh Fading Chan-

nels

Additive white Gaussian noise (AWGN) is the channel model most commonly

used in the analysis of communication links. This model considers additive effects of

13
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random interference which, due to the central limit theorem, are well characterized

by the Gaussian random variable. This AWGN is omnipresent in all communication

transceivers in the form of thermal noise. Another type of interference that may affect

a wireless signal is fading. This results from multipath propagation in radio channels

and is modeled as a multiplicative effect. The problem is that fading introduces

variability in the instantaneous received SNR which, in the AWGN model, is fixed.

The variability in the instantaneous SNR in fading channels causes variability in the

BER at the receiver; when this instantaneous BER is averaged over the distribution

of the instantaneous SNR, the averaged BER performance in fading environments is

much poorer in fading channels than with AWGN alone for the given average SNR

in both models. There are two types of fading: shadowing at the macro level and

fast fading at the micro level. This thesis is concerned only with the latter. For fast

fading, two types of model can be used: the Rician fading channel and the Rayleigh

fading channel [21]– [23]. In this thesis the Rayleigh fading channel is considered

because it is assumed that there is no dominant line-of-sight signal.

Figure 2.1 shows the (average) BER performance as a function of the (average)

SNR for coherent binary phase shift keying (BPSK) signaling. The green and blue

curves indicate the performance with AWGN and Rayleigh fading, respectively, where

the transmitter and receiver use single antennas (SISO model). The red curve shows
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the performance with Rayleigh fading in the same system when two transmit an-

tennas are deployed, in configurations discussed in the following two sections. From

Figure 2.1 it can be seen that to maintain a BER of 10−3, the Rayleigh model re-

quires an average signal-to-noise ratio increase of approximately 17 dB in comparison

to the AWGN model. This difference between the two models increases as the target

BER decreases. A simple solution to maintain the same BER performance would be

to increase the transmission power to overcome fading. However, this is not always

possible because wireless transceivers are usually powered by a finite energy source:

the battery.

0 5 10 15 20 25 30
10−5

10−4

10−3

10−2

10−1

SNR (dB)

B
E

R

SISO (uncoded)
Tx 2 Rx 1 (Alamouti)
AWGN

Figure 2.1: BER performance for coherent BPSK modulation with a flat Rayleigh
fading channel.
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2.2 Diversity

The best solution for overcoming BER performance degradation in fading envi-

ronments is the use of diversity. The space diversity technique provides for sending

multiple replicas of the information on different paths. Diversity relies on the prin-

ciple that when fading occurs (resulting in a weaker received signal), it will affect

only some of the redundant paths, so that some of the paths have severe fading while

others have less attenuation. The use of different domains to separate the redundant

signals results in different types of diversity: frequency, time and space diversity [24].

In the case of frequency diversity, different frequencies are used to send the same

information, thus providing a fully redundant logical path. The frequency separation

between the different logical paths must be enough to ensure independent fading

effects for each frequency. However, using this method to achieve diversity involves

sacrificing bandwidth, which is a scarce resource.

Another method is time diversity, where replicas of the message are sent in differ-

ent time slots. Error control coding is combined with time interleaving to achieve time

diversity. The error control coding carries the replicas of the information, and time

interleaving creates time separation between the two redundant data transmissions.

The disadvantage of this technique is that it reduces the throughput and causes a

delay in the decoding of data.

Space diversity is implemented by using an array of antennas arranged in space
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to transmit and/or receive multiple versions of the same signal along different phys-

ical paths. To ensure good performance improvement, the multiple antennas should

be physically separated so that fading is independent for each physical path. The

required separation distance is usually affected by the frequency, the propagation en-

vironment and the antenna height. Space diversity is the preferred diversity scheme

because it does not use the limited resources of time or frequency, and it requires only

investment in antennas and signal processing hardware. The three main system mod-

els which use space diversity are multiple-input multiple-output (MIMO), which uses

multiple transmitters and receivers; single-input multiple-output (SIMO), which uses

a single transmitter and multiple receivers; and multiple-input single-output (MISO),

which uses multiple transmitters and a single receiver[25].

As described above, there are three types of diversity that can be used to mitigate

the fading problem. However, hybrids of these approaches can also be implemented,

by combining some of these primary methods. For example space-time block coding,

described in more detail in the following section, integrates space and time diversity.

2.3 Space-Time Block Coding

Space-time block coding (STBC) is a diversity technique that combines space

and time redundancy to reduce the deterioration caused by fading. In this section

Alamouti’s scheme is presented [26], which is a STBC model used in this thesis. This
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is followed by a description of the transmission power savings used for STBC.

2.3.1 Alamouti’s Scheme

Alamouti’s scheme was the first STBC to provide a full diversity system with two

transmit antennas. Many types of diversity model have been created as variants of

this basic scheme, however here only the MISO version is considered. This consists

of two transmitters and one receiver, as shown in Figure 2.2. As can be seen in the

figure, the information is represented by two M-ary symbols, s1 and s2. The encoder

takes a block of the two modulated signals s1 and s2 and sends them to the antennas

with in the same frequency band, according to the following matrix:

S =

⎡
⎢⎢⎣

s1 −s∗2

s2 s∗1

⎤
⎥⎥⎦ (2.1)

where each column represents the same time slot for one symbol, and each row rep-

resents data being sent from the same antenna. Thus, in the first time slot, the first

antenna sends symbol s1 while the second antenna is sending symbol s2. In the second

time slot, the first antenna sends −s∗2 while the second antenna is sending s∗1, where

∗ refers to the complex conjugate of the original signal. The signals in the same time

slot should be synchronized and sent together so that they will be received at the

same time by the receiver. At the receiver side the decoder separates the two symbols

by using the two signals received from the different time slots. For the decoder, the
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Decodersource
Information Moudlator

[
s1 −s∗2
s2 s∗1

]

Tx2

Tx1

Rx
ŝ2

ŝ1

Figure 2.2: Alamouti STBC model.

basic components of Alamouti’s scheme are the channel estimator and the maximum

likelihood detector [27]. This scheme implements space diversity of the order L = 2

at the transmitter and permits a dramatic reduction of the transmit power required

in SISO systems with Rayleigh fading to achieve a given BER. The BER performance

of Alamouti’s scheme is indicated by the red curve in Figure 2.1.

2.3.2 Power Control for a Distributed Antenna System

As described in the previous section, in the Alamouti version of STBC, the trans-

mitter deploys two antennas. This section discusses how to calculate the transmission

power per antenna so as to achieve the target BER at the receiver. In Section 1.2 a

transmission power equation was presented that considers a model using only a single

transmitter and a single receiver, referred to as a single-input single-output (SISO)

system. From Figure 2.1, it can be seen that to maintain BER = 10−3 in a Rayleigh

fading environment, the difference between the signal-to-noise ratios for the SISO and

MISO systems is 10 dB. Thus, when sending a signal with STBC the transmission

power required can be reduced by an amount equal to the difference between the two
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signal-to-noise ratios. From (1.2) it is possible to arrive at the following relation:

PTx = G · rα (2.2)

where PTx is the transmission power per antenna and G is the scaling factor, for

scaling between the coded and uncoded signal-to-noise ratios. The scaling factor can

be calculated by using the following equation:

G =
SNRSTBC

SNRSISO
(2.3)

Here SNRSTBC is the signal-to-noise ratio for the STBC and SNRSISO is the uncoded

signal-to-noise ratio (both on the linear scale). For example, for a target of BER =

10−3, from Figure 2.1 it can be found that SNRSTBC = 14dB and SNRSISO = 24dB;

then the scaling factor is equal to 0.1. Thus, if STBC is used to transmit a signal,

only 10% of the transmission power is required per antenna, in comparison to a SISO

model. Since two antennas are used, this results in 80% power savings.



Chapter 3

Multistage Relay Networks with
Mean Channel Gain Information

In this chapter, three methods of transmitting data between a single source and

a single destination are investigated: (i) direct transmission, (ii) store-and-forward

transmission with multiple relays, and (iii) multistage distributed STBC. The first

method, direct transmission, is single-hop communication which is used as a refer-

ence for comparing the total transmit power required by different methods. The

second method, store-and-forward transmission, is a conventional multi-hop trans-

mission where some nodes act as relays. For this method the selection of relay nodes

will be discussed, with the corresponding power allocations that offer savings in the

transmit power required. The third method is multistage relaying using STBC. Moti-

vated by the store-and-forward approach, a new solution will be proposed for selecting

the relay nodes when distributed STBC is utilized. With this approach, it is antici-

pated that selecting appropriate relay nodes in this computationally efficient scheme

21
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will minimize the power consumption, with savings comparable to those achieved by

exhaustive search methods over all possible redundant paths.

This chapter is organized as follows: First, in Section 3.1 the three methods are

presented and basic power transmission calculations are provided for each of them.

Node selection using store-and-forward for single- and double-stage transmission is

then explained in Section 3.2. Finally, the proposed approach for relay node selection

for both single- and double-stage strategies using STBC is discussed in Section 3.3.

3.1 Power Calculation in Random Topologies

This section first introduces the direct transmission method, followed by the mul-

tistage store-and-forward method, and concluding with multistage STBC. All three

methods are described by showing how a signal is transmitted and how much trans-

mit power is required to deliver the data reliably from the source to the destination

via different redundant paths. An explanation is also provided of how many different

node configurations for the forwarding process are available in a wireless network, in

the case of different modes of operation. The number of different topologies found in

the power allocation will determine the complexity of the exhaustive search used to

find the topology which minimizes the total transmit power required.
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3.1.1 Power Calculation for Direct Transmission

First direct transmission from a single source to a single destination is considered.

Figure 3.1 shows direct transmission from a source to a destination, where rSD is the

distance between the source and the destination. It is assumed that the source can

communicate directly with the destination by using direct, i.e., one-hop transmission.

From Section 1.2, it can be seen that the transmit power required to send a signal

from one of these nodes to the other is:

PD = rαSD (3.1)

S D

rSD

Figure 3.1: Direct transmission between a source and a destination.

It should be noted that the transmission power required increases rapidly as the

distance and the attenuation exponent α increase. Extensive research has been carried

out in order to reduce this power requirement at the system level. One solution is

to send the information first to a relay node and then to the destination, so that the

shorter transmission distances reduce the total power required; this is discussed in

the following sections.
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3.1.2 Power Calculation for Store-and-Forward Transmission

To overcome the attenuation effects associated with increased distance, store-and-

forward is used where relay nodes are utilized in order to minimize the total power

required to deliver the data to its destination.

3.1.2.1 Single-Stage Strategy

A single-stage strategy is considered where only one relay nodes is used. As shown

in Figure 3.2, the transmission from the source to the destination is divided into two

phases. R1 represents a randomly located relay node. It is assumed that distance rS1

between the source and the relay node and distance r1D between the relay node and

the destination are known.

phase 2phase 1
S D

R1

rS1 r1D

Figure 3.2: Single-stage store-and-forward transmission.

In the first phase, the information is sent from the source to the relay node. From

Section 1.2, it can be seen that the power required to achieve reliable transmission

to a relay node is P1 = rαS1. In the second phase, the information is sent from the

relay node to the destination. The same equation is used to calculate the power

consumption, except that the distance r1D is used instead of rS1. Thus the total
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transmit power required to send the information from the source to the destination

is the sum of the transmit power required for the two phases:

P S−SF = rαS1 + rα1D (3.2)

Next a wireless network will be considered which consists of a single source, a

single destination and N nodes each potentially serving as a relay. In this thesis it

is always assumed that the source and the destination have fixed positions and that

the N nodes which could be used as relays are randomly distributed in a rectangular

area. It is also assumed that the distances from the source and the destination to

the nodes are known and that the distances between the nodes are also known. In

addition, it is assumed that the path loss exponent α is known and is the same

for all communications in the network. Thus, to implement a single-stage strategy

using store-and-forward transmission, there could be N possible paths as illustrated

in Figure 3.3. Table 3.1 shows the power consumption required for each path.

R2

S D

R1

RN

Figure 3.3: N relay nodes in a wireless network.

In order to select the relay in conventional store-and-forward transmission, the

node associated with the lowest total transmit power is found in Table 3.1.
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Table 3.1: Calculation of transmission power consumption for all possible paths.

Relay Transmission
node power

1 PS−SF
1 = rαS1 + rα1D

2 PS−SF
2 = rαS2 + rα2D

3 PS−SF
3 = rαS3 + rα3D

...
...

N PS−SF
N = rαSN + rαND

3.1.2.2 Double-Stage Strategy

In this strategy, two relay nodes are used. When an extra relay node is added,

the distance traveled by the signal in a single phase is less than is the case with a

single-stage strategy. From this it is anticipated that additional power savings will

be achieved.

phase 3phase 2phase 1

r2D

R1

R2

rS1
r12

S D

Figure 3.4: Double-stage store-and-forward transmission.

Figure 3.4 will now be considered, where R1 and R2 represent the first and second

relay nodes respectively. The data are transmitted in three sequential phases. In the

first phase the data are sent from the source to the first relay node. The calculation of

the required transmission power is the same as in the single-stage strategy: P1 = rαS1,
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where rS1 is the distance between the source and the first relay node. In the second

phase the signal is transmitted from R1 to R2 and the transmission power required

is P2 = rα12, where r12 is the distance between the two relay nodes R1 and R2. In the

third phase, the signal is sent from R2 to the destination, and the transmission power

required is P3 = rα2D. Thus, the total transmission power required to transmit the

signal from the source to the destination using the double relay strategy is the sum

of the power required for the three phases:

PD−SF = rαS1 + rα12 + rα2D (3.3)

If it is assumed that there are N randomly distributed relay nodes available in a

wireless network, for N relay nodes there would be N · (N − 1) possible paths from

which to select. For example, Figure 3.5 illustrates a source, a destination and four

randomly distributed relay nodes. In Table 3.2, all of the 12 possible paths have

been considered, and the total transmit power for each path is shown. The figure

illustrates only the three paths shown in the first row of the table.

r4D

S

R1

R2

R4

R3

D

rS1

r13

r14

r2D

r12

r3D

Figure 3.5: A wireless network with 4 relay nodes.
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Table 3.2: Calculation of transmission power consumption for all possible paths.

First Second Stage
Stage R1 R2 R3 R4

R1 rαS1 + rα12 + rα2D rαS1 + rα13 + rα3D rαS1 + rα14 + rα4D
R2 rαS2 + rα21 + rα1D rαS2 + rα23 + rα3D rαS2 + rα24 + rα4D
R3 rαS3 + rα31 + rα1D rαS3 + rα32 + rα2D rαS3 + rα34 + rα4D
R4 rαS4 + rα41 + rα1D rαS4 + rα42 + rα2D rαS4 + rα43 + rα3D

3.1.3 Power Calculation for STBC

Use of the multistage store-and-forward method, described in the previous section,

reduces the transmit power required through the strategy of dividing the distance to

be covered, so as to overcome the effects of deterministic signal attenuation. To de-

crease performance degradation effects due to Rayleigh fading, a distributed STBC

approach will be deployed, where the wireless network nodes form a virtual antenna

array. In this thesis the MISO model is used to send the information from two trans-

mitters to a single receiver in accordance with Alamouti’s scheme. Two cooperative

nodes relaying the same data from the source are used to send the information to the

destination in a manner similar to Alamouti’s original scheme, where two-element

antennas send data from a single source. The difference is that in the present co-

operative scheme the antennas sending the STBC data to the destination are not

co-located.
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3.1.3.1 Single-Stage Strategy

In this section a single-stage strategy with distrusted STBC is investigate first.

Figure 3.6 represents a wireless network that contains a source, a destination and two

cooperative relay nodes, R1 and R2. Transmission from the source to the destination

is divided into two phases.

Phase 1 Phase 2

DS

R1

R2

r2D

r1DrS1

Figure 3.6: Transmission with a single-stage strategy using STBC.

The first phase involves transmission from the source to the relay nodes R1 and

R2. In order to save power and time, the transmitted signal is broadcast to both nodes

at the same time instead of sending it in separate transmissions. The transmit power

used for this broadcast should ensure that both relay nodes receive the information

reliably. This is achieved by sending the information with sufficient transmission

power to reach reliably the farther relay node of the two. For the first phase, this

power can be represented as:

P1 = max(rαS1, r
α
S2) (3.4)
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In the next phase the two relay nodes R1 and R2 are used to send the information

to the destination simultaneously. From (2.3) the required transmission power per

antenna is known. To calculate the total transmission power for both antennas, it

can be concluded that the power required in the second phase is:

P2 = G · rα1D +G · rα2D (3.5)

One thing which must be ensured is that in the second phase the transmitted

signals from the two cooperative nodes should have the same average energy level at

the receiving side.

Finally, the sum of the transmission power required for the two phases is calculated

to arrive at the total transmission power:

P S−STBC = max(rαS1, r
α
S2) +G · rα1D +G · rα2D (3.6)

In the case of a wireless network with N available randomly distributed relay

nodes, there would be
(
N
2

)
= N ·(N−1)

2
possible paths, where

(
n
k

)
represents the number

of k element subsets in a set of n elements. For example, in Figure 3.5 there are 4

relay nodes, which yield 6 possible paths.

3.1.3.2 Double-Stage Strategy

Here a double-stage strategy using STBC is described. It has been seen that for a

single-stage strategy with STBC, two relay nodes are used. Thus, in the double-stage

strategy two relay nodes are added to represent the second stage.
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As illustrated in Figure 3.7, there is a source, S; a destination, D; and four

randomly distributed relay nodes, Ri, where i ∈ 1, 2, 3, 4. R1 and R2 represent the

first stage, and R3 and R4 represent the second stage. In this strategy the transmission

is divided into four phases.

Phase 2 & 3Phase 1 Phase 4

r4D

R1

S

R2

rS1

R3

R4

D

r13

r23 r14

r24

r3D

Figure 3.7: Transmission with a double-stage strategy using STBC.

The first phase is the same as in the single-stage strategy, where the source broad-

casts the information to the first stage (nodes R1 and R2). The transmit power used

for this broadcast should ensure that both relay nodes receive the information reli-

ably. This is accomplished by sending the information with the power required for

transmission to the farther of the two nodes. This phase requires the source to use

the transmission power:

P1 = max(rαS1, r
α
S2) (3.7)

The second and third phases can be described together. These two phases involve

sending the information from the first stage to the second stage. They are divided into
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different phases because nodes R3 and R4 receive the information separately in two

different transmissions. These two transmissions could be made using two different

frequencies or two different time slots. The required transmission power per phase

is: Pi = G · rα1i + G · rα2i, where i ∈ 3, 4 and G is the scaling factor of the Alamouti

scheme, which is dependent upon the target BER as explained in Chapter 2. Thus,

the sum of the power required for both phases can be calculated as:

P(2,3) = G · rα13 +G · rα23 +G · rα14 +G · rα24 (3.8)

The last phase represents the transmission from the two relay nodes in the second

stage to the destination using STBC. The transmission power required is:

P4 = G · rα3D +G · rα4D (3.9)

Finally, the total transmission power required to send the information from the

source to the destination with the double-stage strategy using STBC is:

PD−STBC = max(rαS1, r
α
S2)+G · rα13+G · rα23+G · rα14+G · rα24+G · rα3D+G · rα4D (3.10)

In a wireless network with N relay nodes there could be N · (N−1)(N−2)(N−3)

possible combinations of relays acting as (R1, R2) and (R3, R4) in two stages as

described above. For example, in the case of N = 4 nodes, there would be 24 possible

configurations of four relays carrying out their tasks in a two-stage distributed STBC

strategy.
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In summary, in this section three methods of sending data from a source to a

destination have been discussed: (i) direct transmission; (ii) store-and-forward trans-

mission; and (iii) distributed STBC in single- and double-stage configurations. Calcu-

lations for the total transmit power for each method have also been presented, as well

as the number of possible node configurations in a wireless network with a different

number of nodes.

3.2 Equi-Spaced Relay Selection for Single- and

Double-Stage Transmission

In Section 3.1, it has been shown that in the wireless networks under study there

are different possible paths which depend upon the positions of the relay nodes. The

transmit power can be adjusted and various topologies created which have different

power requirements for transmitting the information from the source to the destina-

tion. Of interest is the topology and the corresponding power allocation with the

minimum total power consumption. An exhaustive search to find the optimum topol-

ogy is computationally involved. Thus, in this section strategies will be developed

to achieve a minimized total power consumption by using less complex searches to

arrive at a suitable topology.

In this section the best location for relay nodes will be investigated, to assist

in the selection of the best available path in a wireless network. Only the single-

and double-stage strategy using the store-and-forward method without STBC will be
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studied.

3.2.1 Single-Stage Strategy

First the single-stage strategy will be considered. Figure 3.8 illustrates a co-

linear source, destination and relay node. In the figure, rSD represents the distance

between the source and the destination. The objective is to calculate x, the distance

between the source and the relay node which will minimize the total power required

to transmit data from the source to the destination via the relay node. Rewriting

(3.2) for free-space propagation where α = 2 yields:

P S−SF = x2 + (rSD − x)2 (3.11)

Thus, in order to determine the best location for the relay node so as to minimize

the total power required, the derivative of (3.11) is calculated with respect to x and

solved for roots. It is found that the minimum power is obtained when x = rSD

2
, i.e.,

the optimum relay node location is the equi-spaced position.

x

S DR1

rSD

Figure 3.8: A relay node located on the direct path between the source and the
destination.

It will now be assumed that the relay node is not co-linear with the source and

the destination, as illustrated in Figure 3.9. The distances rS1, r1D and rSD represent
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the distances between the source and the node, the node and the destination, and the

source and the destination respectively. Assuming that α = 2, the power required to

transmit a signal via the relay node R1 is:

P S−SF = r2S1 + r21D (3.12)

ρ

S D

rSD

2
rSD

2

Equi-space

R1

rS1
r1D

Figure 3.9: Relationship between a relay node and the equi-spaced point.

From the cosine law, the following equation can be derived: r2S1 = ( rSD

2
)2 − ρrSD ·

cos(β)+ ρ2 and r21D = ( rSD

2
)2− ρrSD · cos(β−π)+ ρ2 where ρ is the distance between

the relay node and the equi-spaced location. Rewriting (3.12) yields:

P S−SF = 2
(
(
rSD
2

)2 + ρ2
)

(3.13)

Equation (3.13) shows that the closer the relay node is to the equi-spaced point,

the less total power is required. Thus, in a network with N relay nodes, the relay

node with the smallest ρ is selected. The length ρ represents a cevian in the triangle

SR1D as shown in Figure 3.9. It can be calculated using Stewart’s theorem:

rSD
2

(
r2S1 + r21D

)
= rSD

(
ρ2 + (

rSD
2

)2
)

(3.14)
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By rewriting (3.14) it can be found that ρ2 is:

ρ2 =
(r2S1 + r21D)

2
−

(rSD
2

)2

(3.15)

Figure 3.10 illustrates N relay nodes that are randomly distributed. In the case

where α = 2, there are N possible paths for transmitting a signal from the source to

the destination, and only one path will be selected. This path is the one that has a

relay node with the smallest ρ2i where i ∈ 1, · · · , N .

RN

S D

R2

R1 RN−1

ρ1

Equi-space

ρN

ρN−1

ρ2

Figure 3.10: Determining the relay node closest to the equi-spaced location.

3.2.2 Double-Stage Strategy

In this section the best location for the relay nodes is found for the case where

two relay nodes are used to configure a double-stage strategy. In Figure 3.11 the

distance between the source and the destination is known and the objective is to

calculate the distances x and y, which are the distance from the source to the first
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relay node R1 and the distance from the first relay node R1 to the second relay node

R2, respectively. From Section 3.1.2.2 it is known that the transmit power required

is PD−SF = x2 + y2 + (rSD − x− y)2 when α = 2. By solving for roots of the partial

derivatives with respect to x and y, it is found that the best positions for minimizing

the total transmit power are: x = rSD

3
and y = rSD

3
, which are the equi-spaced points

on the direct path between the source and the destination.

rSD

DR2S

x y

R1

Figure 3.11: Determining optimum point location for the double-stage strategy.

The case will now be considered where the two relay nodes are not located on

the direct path between the source and the destination, as illustrated in Figure 3.12.

From (3.3) it is known that the total transmission power when α = 2 is:

PD−SF = r2S1 + r212 + r22D (3.16)

By using the distances ρi where i ∈ 1, 2, which represent the cevians to the

equi-spaced points for triangles SR1D and SR2D respectively, and by using their

coordinates (xi, yi), (3.16) can be rewritten as:

PD−SF =
r2SD
3

+ 2(x2
1 + x2

2 + y21 + y22) + 2(x1x2 − y1y2)

=
r2SD
3

+ 2(ρ21 + ρ22) + 2(x1x2 − y1y2) (3.17)
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rS1

S

R1

DrSD

3

x1

y1ρ1

r12
R2

r2D

ρ2
y2

x2

rSD

3
rSD

3

Figure 3.12: Relationship between the equi-spaced locations and the relay nodes.

It can be seen that the second part of the equation (x2
1 + x2

2 + y21 + y22) will always

yield a positive value. However, the last part of the equation will depend upon

the position of the two relay nodes and upon how close they are to one another.

If it is assumed that both relay nodes have the same sign for the y coordinates,

by using Muirhead’s inequality it can be proved that y21 + y22 ≥ y1 · y2; therefore

any increase in the y coordinates will always increase the total power consumption.

Similarly, for the x coordinates x2
1+x2

2 ≥ x1 ·x2. From this it can also be proved that

ρ21+ρ22 = y21+y22+x2
1+x2

2 ≥ x1x2−y1y2; this is only when the same coordinates carry

the same sign. Since both x and y coordinates could carry different signs, in this case

the above proof will not be valid. It is assumed that selecting the relay nodes with

the smallest length (ρ) will yield the minimum power consumption. This approach

was simulated in [28], and was compared to the exhaustive search method for finding

the best relay nodes. It was found that from 46% to 60% of the time the preferred

relay nodes were not selected, however this caused an increase in power consumption
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of only 0.8% to 20% over the minimum value, as compared with 77% to 99.73% power

savings achieved in comparison to direct transmission [28].

As in Figure 3.12, ρ1 and ρ2 represent cevians in the triangles SR1D and SR2D

respectively. Thus, from these triangles ρ1 and ρ2 can be calculated by using the

equation:

ρ2i =
(2r2Si + r2iD)

3
− 2

9
r2SD (3.18)

So, for N relay nodes there could be N · (N − 1) possible paths. For all nodes, ρ1

and ρ2 is calculated by using (3.18). The relay node with the lowest ρ1 will be selected

to represent the first stage and the relay node with the lowest ρ2 will be selected to

represent the second stage. In some cases the same relay node might be selected for

both the first and second stage. When this occurs it means that using a single-stage

strategy is more beneficial.

3.3 Power Allocation and Optimal Positioning of

Relays for STBC Relaying

Due to the energy benefits of using the relay nodes close to the equi-spaced points

in the case of both single- and double-stage strategies using store-and-forward trans-

mission, here the same approach is used to select the relay nodes for single- and

double-stage forwarding with distributed STBC.
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3.3.1 Power Allocation in a Single-Stage Strategy

First the node selection method for a single-stage strategy is elaborated, following

the same approach as in Section 3.2. As illustrated in Figure 3.13, two relay nodes

lie on the path between the source and the destination. The objective is to find

x, which is the distance between the source and the optimum point location that

guarantees the highest savings in the total transmission power. The equation (3.6)

can be rewritten as follows:

P S−STBC = xα + 2G(rSD − x)α (3.19)

x

S D

rSD

R1, R2

Figure 3.13: Determining the location of the optimum point in a single-stage strategy
using STBC.

To find the minimum P S−STBC, the derivative of the right-hand side of (3.19) is

calculated with respect to x and solved for its root. This yields x = rSD
α−1√2G·α

α−1
√
α+ α−1√2G·α . In

free space propagation conditions when α = 2, for a single-stage forwarding mode, the

optimum position for relays is x = 2G·rSD

1+2G
. Thus, when G decreases x decreases. In

other words if the target BER is increased, the scaling factor decreases, which means

that x also decreases, bringing the optimum point location closer to the source. In the

case where G = 0.1, as α increases, the distance x also increases, taking the optimum

point away from the source.
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So it is found that the optimum point location is not at the equi-spaced posi-

tion, because the location changes depending upon the target BER, which affects the

scaling factor and the attenuation.

The situation where the relay nodes are not located on the direct path between

the source and the destination will now be considered, as illustrated in Figure 3.14.

The equation (3.6) can be rewritten by selecting R1 and R2 the two participant relay

nodes. When α = 2 and G = 0.1, then P S−STBC = max(r2S1, r
2
S2) + 0.1r21D + 0.1r22D.

rSD

6

S D

R1

rS1
y1

y2ρ2

ρ1

x1

x2

rS2 r2D

r1D

R2

Figure 3.14: Demonstrating the relationship between the relay nodes and the opti-
mum points.

By using the xi and yi coordinates and ρi, which is a cevian in the triangle SRiD

where i ∈ 1, 2, and assuming that rS1 is larger than rS2, the power equation can be

rewritten as follows:

P S−STBC = 0.3r2SD + 1.1x2
1 + 1.1y21 + 0.1x2

2 + 0.1y22 +
1

6
rSD(x1 − x2)

= 0.3r2SD + 1.1ρ21 + 0.1ρ22 +
1

6
rSD(x1 − x2) (3.20)

Beginning with the y coordinates, from (3.20) it can be seen that any increase in

the value of y results in an increase in the total transmit power. In the case of the
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x coordinates, a direct relationship with the power consumption cannot be proved

mathematically, due to the same problem as in section 3.2.2. For the store-and-

forward method, it was seen that although it could not be proved mathematically,

previous research demonstrated that selecting the relay node closest to the optimum

point location is a very effective approach. For this reason the relay nodes that

has the smallest cevian length is selected. In Chapter 4 this method is simulated

and compared with the exhaustive search method to determine the efficiency of this

approach.

3.3.2 Power Allocation in a Double-Stage Strategy

In this section the study is extended to the double-stage strategy, and an efficient

way to select the relay nodes is investigated. The first step is to determine the

optimum point location. As shown in Figure 3.15 it is assumed that R1 and R2,

located on the direct path between the source and the destination, represent the

first stage of the transmission, and that R3 and R4 represent the second stage of the

transmission. Here the two relay nodes that are in the same stage are located in the

same position; this is done only to find the best location that guarantees the greatest

power savings. From Section 3.1.3.2 it is known that the total transmission power is:

PD−STBC = x2 + 4Gy2 + 2G(rSD − y − x)2 (3.21)
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Thus, by solving the two derivative functions with respect to x and y it can be found

that x = rSD
α−1√4G

1+ α−1√2+ α−1√4G
and y = rSD

1+ α−1√2+ α−1√4G
, where x is the distance between the

source and the first optimum point and x+ y is the distance between the source and

the second optimum point. It should be noted that the two optimum points depend

upon the attenuation and the scaling factor in the same way as in the single-stage

strategy. If the attenuation increases, the optimum points will move farther from the

source, whereas if the scaling factor increases the optimum points will move closer to

the source.

y

DR3, R4S R1, R2

rSD

x

Figure 3.15: Determining the location of the optimum points in a double-stage strat-
egy using STBC.

The case where the relay nodes are located away from the optimum point will

now be considered. The same approach is used as in the previous section. The two

cevian lengths ρ1i and ρ2i are calculated with respect to the two optimum points in

the triangles SRiD where i ∈ 1, , N in a network with N randomly distributed relay

nodes. The two nodes with the lowest ρ1i will be selected to represent the first stage

and the two relay nodes with the lowest ρ2i will be selected to represent the second

stage.

In some cases, it is possible that the same node could be selected twice, to represent
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the first and second stage, if it has one of the two lowest cevian lengths. In this

situation the transmission path is as shown in Figure 3.16, where the source broadcasts

the information to both nodes in the first stage. Here only one transmission takes

place instead of the two described in Section 3.1.3.2, because one of the relay nodes

from the second stage has already received the information from the source directly.

Thus, two relay nodes will forward the information to the relay node in the second

stage. Finally, the two relay nodes in the second stage forward the information to the

destination.

Phase 3Phase 1 Phase 2

R1

S

R2

rS1

R3

D

r13

r23

r3D

r1D

Figure 3.16: Transmitting data where a relay node has been selected in the first and
second stage.



Chapter 4

Performance

This chapter demonstrates the power savings of the proposed approach for select-

ing the relay nodes with the use of STBC in both single- and double-stage transmission

strategies. The performance of the proposed approach for selection of the location of

the STBC and the forwarding nodes is compared to three other methods. The first

method is used for comparing the distributed STBC with the exhaustive search for

selecting the most appropriate relay nodes with the lowest total transmission power.

The second method is store-and-forward transmission with the use of the exhaustive

search. The last method is standard direct transmission. All of the comparisons use

the total transmit power as the performance metric. Normalized power savings are

also shown with respect to the power used in direct transmission.

This chapter is organized as follows. First, the simulation setup is explained in

45
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Section 4.1. Then the results concerning excess power consumption in comparison to

the exhaustive search method are presented in Section 4.2. The performance of the

proposed approach with a good estimate of the channel is presented in Section 4.3,

while the performance of the approach with a poor estimate of the channel is de-

scribed in Section 4.4. Finally, the histogram results of the simulation are shown in

Section 4.5.

4.1 Simulation Setup

Simulations were implemented with the use of MATLAB, in order to calculate the

total transmit power for all of the communication schemes discussed in the previous

chapter. The primary focus is on the total transmit power, with perfect knowledge of

the power required to reach the nodes from each of the other nodes. These transmit

powers depend upon the distances between the randomly distributed nodes and upon

the path loss exponent α, which is assumed to be the same in the underlying network.

The total power results are analyzed: (i) for different propagation conditions; (ii) for

different numbers of relay nodes, from N = 10 to N = 100 in increments of 10; and

(iii) for different sizes of area covered by the wireless network, i.e., for different node

densities.

The wireless network nodes in the simulations are assumed to be located in a

rectangular area of size A × A. The network consists of the source, the destination
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and the N relay nodes. The source is located at the fixed location (0, 0) and the

destination is located at the coordinates (A,A). The N relay nodes are randomly

distributed in the rectangular area, and the total transmission power for all of the

methods is calculated for the given distances between the nodes. Note that it assumed

that the power of the noise is 4 mW at every node. This resulted conveniently in

no scaling factor in (1.2) for transmit power when the single-hop communication in

Rayleigh fading channel using SISO was considered and the targeted BER= 10−3

required SNR= 24dB with a received signal power equal to 1 W . Usually, the noise

levels in practical receivers are lower and the corresponding scaling of the results for

the total transmit power presented in this thesis is required as determined by the ratio

of the actual noise level over 4 mW . When the normalized power excess is presented

in percent in the next sections, the results do not need to be scaled.

The process for random positioning of the nodes and calculation of the power is

repeated multiple times (1000) to obtain an average power performance.

4.2 Excess Power Consumption

In Section 3.3 it could not be proved analytically that selecting the relay node

closest to the “optimum” point location proposed in this thesis would assure maxi-

mum power savings, however strong arguments were provided that this is really the

case, at least for co-linear nodes or two nodes placed at the same location. This
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section examines how close the total power obtained by this approach is to the total

power resulting from an exhaustive search. The simulations were conducted for dif-

ferent propagation environments, different numbers of relay nodes, and different node

densities.

First, the selection approach was tested for environments with different path loss

exponents α. Three types of propagation were used: (i) free space propagation where

α = 2; (ii) ground wave propagation where α = 4; and (iii) propagation in a dense

urban environment where α = 6. Figure 4.1 shows the percentage of excess trans-

mission power consumption with the use of a single- and double-stage strategy for

different numbers of nodes in a network area of 25×25. It is clear from the figure that

as α increases, the excess power consumption resulting from this simplified scheme

for node selection is not very high in comparison to the power consumption obtained

by the exhaustive search.

However, with the double-stage strategy power efficiency losses are higher, es-

pecially for lower node densities and higher values of α. The difference in power

performance as measured by the percentage of excess power consumption for dif-

ferent values of α decreases as the number of nodes increases. Overall, the loss of

power efficiency when using the proposed scheme is not that high when one consider

reduction in the computational complexity of the algorithm selecting the topology.

The effect of different numbers of potential relay nodes on the transmission power
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Figure 4.1: Excess power consumption in comparison with the exhaustive search
method for an area of 25×25 using (a) single-stage and (b) double-stage transmission.

in the proposed approach was then examined. From Figure 4.1 it can be seen that

in general, with an increasing number of relay nodes the percentage of excess power

consumption decreases. The percentage usually decreases rapidly until the number

of relay nodes reaches 50, after which the percentage begins to stabilize. However, in

the case of free space propagation with the single-stage strategy, it can be seen that

the lowest percentage is 1.5% when 10 relay nodes are used; this value increases to

2.5% and then decreases to 2% when 100 relay nodes are used.

Finally, the performance results for the selection approach were investigated for

different network area sizes. Three different sizes were considered: 25×25, 50×50 and

100×100. The percentage of excess transmit power consumption in comparison to the

power consumption obtained by the exhaustive search method is shown in Figures 4.1,

4.2 and 4.3 for the three different area sizes. Graphs (a) and (b) show the results
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for different values of α with a single- and double-stage strategy, respectively. It can

be seen that the curve behavior for the three network sizes is almost the same for a

given STBC strategy. The main difference in the results for the three network sizes

is in the percentage of excess power consumption when 10 relay nodes are used in

the double-stage strategy with a dense urban environment; from the figures it can be

seen that the percentage of excess power consumption increases as the network size

increases.
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Figure 4.2: Excess power consumption in comparison with the exhaustive search
method for an area of 50×50 using (a) single-stage and (b) double-stage transmission.

4.3 Results with Good Channel Estimation

In this section the simulation results are presented under the assumption of good

channel state information (CSI). In the simulations the relay nodes were distributed
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Figure 4.3: Excess power consumption in comparison with the exhaustive search
method for an area of 100×100 using (a) single-stage and (b) double-stage transmis-
sion.

in areas with three different sizes: 25 × 25, 50 × 50 and 100× 100. Simulations are

shown for numbers of nodes ranging from 10 to 100 in increments of 10.

For the area with size 25 × 25, the graphs in Figure 4.4 show the total trans-

mit power consumption for five methods: (i) direct transmission (D); (ii) store-and-

forward transmission using a single-stage strategy (S − SF ); (iii) store-and-forward

transmission using a double-stage strategy (D−SF ); (iv) STBC using a single-stage

strategy (S − STBC); and (v) STBC using a double-stage strategy (D − STBC).

The graphs are arranged so that the three rows correspond to the three different

propagation environments represented by α = 2, 4 and 6. The graphs on the left

show the power values achieved, while those on the right show the normalized power

with respect to the power consumption obtained for direct mode transmission.
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With free space propagation, the transmission power consumed with the use of

STBC is the lowest. It can also be seen that with the use of STBC even the pro-

posed selection approach in the single-stage strategy is better than store-and-forward

transmission in the double-stage strategy. In comparison with direct transmission,

power savings with the use of STBC are 82.4% for the single-stage and 87.3% for the

double-stage strategy, as shown in Figure 4.4 (b).

With ground wave propagation and propagation in a dense urban environment,

it can be seen that the proposed selection approach with STBC in a double-stage

strategy offers the lowest total transmit power. However, the single-stage strategy re-

quires more transmit power than store-and-forward transmission using a double-stage

strategy. From Figure 4.4 (d), it can be seen that ground wave propagation yields

up to 94.4% power savings with a single-stage and up to 98.2% power savings with a

double-stage strategy. For propagation in a dense urban environment, power savings

of 98.4% for single-stage and 99.8% for double-stage transmission were achieved.

It should be noted that in a dense urban environment, store-and-forward transmis-

sion achieves better power savings than the proposed selection approach when using

only 10 relay nodes. However, as the number of relay nodes increases, the proposed

approach achieves greater power savings, as shown in Figure 4.4 (f).

In Figures 4.5 and 4.6 simulation results are presented for a network area of size

50 × 50 and 100 × 100, respectively. The arrangement of the graphs is the same as
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in Figure 4.4. If the results shown in Figures 4.4, 4.5 and 4.6 are compared, it is

evident that the power consumption increases as the distance increases. Graphs (b),

(d) and (f) illustrate the percentage power savings achieved in comparison to direct

transmission. In the three Figures 4.4, 4.5 and 4.6, it can be seen that as the distance

increases, the power savings remain the same.

Table 4.1 summarizes the simulation results for power savings (Sav) and excess

transmit power consumption (Exc) for an area of 50 × 50, where the number of

relay nodes is N = 20, 60 and 100. The results shown are for distributed STBC

with two modes of operation, using single- and double-stage transmission. From the

table it can be seen that the excess transmit power increases as the density of the

environment increases. Thus, for low values of α, the simplified approach for node

selection proposed in this thesis yields good results. However, for higher values of

α power savings could still be improved, even though acceptable power savings were

achieved in comparison to store-and-forward transmission.

Table 4.1: Summary of the simulation results for an area of 50× 50.

Number of Relay Nodes (N)
Prop stages 20 60 100
(α) Sav Exc Sav Exc Sav Exc

2 single 80.1% 2.3% 82.1% 2.3% 82.4% 2.1%
double 83.6% 5.5% 86.7% 2.5% 87.3% 2%

4 single 93% 9.7% 94.1% 6.1% 94.4% 5%
double 97.3% 17.9% 98.1% 8.6% 98.2% 6.9%

6 single 97.6% 20% 98.3% 11.6% 98.4% 8.3%
double 99.5% 46.6% 99.7% 19.9% 99.8% 14.6%
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Figure 4.4: Transmission power consumption and the percentage of power savings in
comparison with direct transmission for an area of 25× 25, (a) & (b) with free space
propagation, (c) & (d) with ground wave propagation, and (e) & (f) with propagation
in a dense urban environment.
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Figure 4.5: Transmission power consumption and the percentage of power savings in
comparison with direct transmission for an area of 50× 50, (a) & (b) with free space
propagation, (c) & (d) with ground wave propagation, and (e) & (f) with propagation
in a dense urban environment.
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Figure 4.6: Transmission power consumption and the percentage of power savings in
comparison with direct transmission for an area of 100×100, (a) & (b) with free space
propagation, (c) & (d) with ground wave propagation, and (e) & (f) with propagation
in a dense urban environment.
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4.4 Results with Poor Channel Estimation

In this section it is assumed that the CSI is incorrectly estimated, and that an

accurate value for α is not supplied to the algorithm for selecting the relay nodes.

This incorrect estimation leads to incorrect calculation of the optimum relay location

and thus results in the selection of relay nodes that are not optimal for minimizing

the power consumption. To demonstrate the results of an incorrect estimation, two

scenarios are considered. Here only one network size is considered because, as seen in

the previous section, the percentage of power savings is not affected by network size.

In the first scenario it is assumed that a dense urban environment is incorrectly

estimated as a free space environment. Figure 4.7 shows the percentage of power

savings in comparison to direct transmission when the incorrect estimate is used.

From this figure it can be seen that, in comparison to Figure 4.6(f), the power savings

are reduced by only 0.8% in the double-stage strategy and 5.4% in the single-stage

strategy. Although the loss of power efficiency is not great, it should be noted that if

the store-and-forward method was used it would yield higher power savings, because

it would not be affected by the poor estimate.

In the second scenario, propagation in a free space environment is incorrectly

estimated as a dense urban environment. The results are presented in Figure 4.8. In

comparison to Figure 4.6 (b) power savings are reduced by 4.1% in the double-stage

strategy and 8.6% in the single-stage strategy, which is more than in the first scenario.
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Figure 4.7: The percentage of power savings with an incorrect estimate of propagation
in a dense urban environment.

However, it can be seen that even with this incorrect estimate of the channel better

power savings are obtained than with the store-and-forward method.
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Figure 4.8: The percentage of power savings with an incorrect estimate of free space
propagation.
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4.5 Histograms

In this section, histograms of the transmit power are presented for 1000 iterations

of random placements of 100 nodes in the area of 100 × 100. Only ground wave

propagation is considered, where α = 4. The histograms illustrate the distribution of

the total transmission power resulted from the topologies with the minimized power

in the different iterations (random placement of nodes). Figure 4.9 presents the

histogram for a single-stage strategy, while Figure 4.10 shows the histogram for a

double-stage strategy with distributed STBC. While in the previous sections, we

presented the total transmit power averaged over different placements of nodes, the

histograms show that for static placement of nodes the actual power will depend on

the nodes positions. Because in Fig. 4.10 the power levels are less spread around the

mean then in Fig. 4.9 where the power variability is greater, it is expected that the

discussions about power savings based on averaged results will be more consistent for

double-stage strategy in comparison to the discussion for single-stage strategy.
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Figure 4.9: Histogram of transmission power consumption for a single-stage strategy
in a ground wave environment.
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Figure 4.10: Histogram of transmission power consumption for a double-stage strategy
in a ground wave environment.



Chapter 5

Conclusions and Future Work

In this chapter, the thesis is summarized and suggestions for future work are

discussed. The thesis contributions are reviewed in Section 5.1 and potential further

research is suggested in Section 5.2.

5.1 Thesis Contributions

The main contribution of this thesis is the development of a method for selection of

the relay nodes with a corresponding power allocation to minimize the total transmit

power with the distribution of STBC. Two transmission strategies are considered

in this thesis: the single-stage strategy and the double-stage strategy in an ad-hoc

wireless network. In addition, this thesis calculates the power savings achieved for the

thesis approach and compares them with power used in other methods for selecting
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the relay nodes and forwarding the data in different propagation environments and

with different numbers of relay nodes.

This work is the first to investigate transmission power savings by integrating the

cooperative STBC relaying with adaptive power allocation. Based on the knowledge

of the distances between all of the nodes, and by calculating the distance between

the relay nodes and the optimum node location, the topology minimizing the total

transmit power is selected. In the initial stage, it is assumed that all of the nodes

in the wireless network detect each other’s signals. Thus, each node measures the

level of signal energy to determine the distance and the CSI relative to its neighbors,

and then distributes this information to the other nodes in the network to be saved

in a common database. When a node is to communicate with a specific destination,

it first calculates the optimum relay locations for the transmission and then chooses

the appropriate relay nodes by using cevian theory. The required transmit power to

maintain the target BER is calculated by using the interdistance and the path loss

exponent, which are already available in the database from the initial stage. The

proposed approach also takes advantage of the broadcast nature of wireless trans-

missions, which increases power savings. Specific issues that have been addressed

include:

1. Calculating the optimum relay location

This thesis focuses on the total transmit power in both single- and double-stage
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strategies with the utilization of distributed STBC. From this, the optimum

location of the relay nodes is found that offers the minimum power consumption.

This thesis also describes how the location of the optimum relay point changes

depending upon the propagation α.

2. Choosing the appropriate relay nodes to minimize transmission power consumption

After the optimum point location between a source and a destination has been

found, the distances between this point and all other relay nodes are calculated

by using cevian theory. The relay nodes with the minimum distances are se-

lected to create the routing path between the source and the destination. This

simple approach reduces the processing complexity of obtaining the routing

path, in comparison to the use of the exhaustive search algorithm.

3. Characterizing the performance of the proposed approach

With the use of simulations it is shown that the selection approach results in rea-

sonable excess transmission power consumption, as compared to the exhaustive

search method. Even with the excess total transmit power, it is demonstrated

that the thesis approach still generates more power savings than the store-and-

forward method. It is also shown that power savings are not seriously affected

when an incorrect CSI estimation occurs.
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5.2 Suggested Future Work

1. Improving the power calculation

In this thesis the adaptive transmission power levels are considered as a contin-

uous range, dependent only upon distance and attenuation. However, in reality

most digital transmission devices use a range of discrete transmission power

levels. The power control error has also not been considered, as it is caused by

the distance and the delay. Thus, there is a need to analyze the effect of the

power control error and to investigate how the quantization of the power level

affects the proposed relay selection approach.

2. Transmitting without CSI and the distance between antennas

In this thesis the availability of channel state information is assumed. However,

most STBC models consider transmitting and receiving without the knowledge

of channel state information. Another issue that has not been considered in

this thesis is the distance between the two cooperative relay nodes. It is known

that fading effects are less as the distance between the cooperative relay nodes

increases.

3. Synchronous transmission

In previous chapters it is stated that when the two cooperative relay nodes

start transmission this must be done simultaneously. Thus, there should be
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open communication between the two cooperative nodes or feedback from other

stages to give direction or status information about the other node. This study

does not discuss the method of synchronization between the nodes, and it is

assumed that the synchronization is achieved internally.
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