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Abstract

Recent technological advances and pervasiveness of wireless communication devices have offered
novel and promising solutions to the road safety problem and on-the-go entertainment. One such
solution is the Inter-Vehicular Communications (IVC) where vehicles cooperate in receiving and

delivering the messages to each other, establishing a decentralized communication system.

The communication between vehicles can be made more effective and reliable at the physical layer
by using the concept of space-time coding (STC). STC demonstrated that the deployment of multiple
antennas at the transmitter allows for simultaneous increase in throughput and reliability because of
the additional degree of freedom offered by the spatial dimension of the wireless. However, the use of
multiple antenna at the receiver is not feasible because of the size and power limitations. Cooperative
diversity, which is also known as user cooperation is ideal to overcome these limitations by
introducing a new concept of using the antenna of neighboring node. This technique exploits the
broadcast nature of wireless transmissions and creates a virtual (distributed) antenna array through

cooperating nodes to realize spatial diversity advantage.

Although there has been a growing literature on cooperative diversity, the current literature is
mainly limited to Rayleigh fading channel model which typically assumes a wireless communication
scenario with a stationary base station antenna above roof-top level and a mobile station at street
level. In this thesis, we investigate cooperative diversity for inter-vehicular communication based on
cascaded Rayleigh fading. This channel model provides a realistic description of inter-vehicular
channel where two or more independent Rayleigh fading processes are assumed to be generated by
independent groups of scatters around the two mobile terminals. We investigate the performance of
amplify-and-forward relaying for an inter-vehicular cooperative scheme assisted by either a road-side
access point or another vehicle which acts as a relay. Our diversity analysis reveals that the
cooperative scheme is able to extract the full distributed spatial diversity. We further formulate a
power allocation problem for the considered scheme to optimize the power allocated to broadcasting
and relaying phases. Performance gains up to 3 dB are obtained through optimum power allocation

depending on the relay location.
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Chapter 1

Introduction

During the last century, Wireless technologies such as Global System for Mobile communication
(GSM), Universal Mobile Telecommunication System (UMTS), Worldwide Interoperability for
Microwave Access (WiMAX-802.16), and Bluetooth [1] have revolutionized the way we
communicate and exchange data by making services like telephony internet, and multimedia access
available at anytime and from almost anywhere. This advancement in information and
communication technologies, especially wireless technologies have played a meaningful role in our

daily lives enabling many conveniences and raised our daily productivity.

One of the untapped areas where wireless technologies are now making a significant impact is
inter-vehicular communications (IVC) [2]. IVC is a crucial component of the intelligent
transportation systems (ITSs) which involve the application of advanced information processing,
communications, sensor, and control technologies in an integrated manner to improve the functioning
of the transportation system. IVC involves vehicle-to-vehicle (V2V) and vehicle-to-road (V2R)
communications enabling a vehicle to communicate with other vehicles and sensors/access-points
installed along the road. Road safety and traffic flow can be improved if drivers have the ability to
predict further down the road and know if a collision has occurred, or if they are approaching a traffic
jam. The real-time information transmitted via IVC can also help vehicles at critical points such as
blind crossings and entries to highways. Besides these main navigation safety functionalities,
potential in-vehicle applications have recently emerged such as audio/video streaming, high-speed
internet access, cooperative downloading, multiplayer gaming, and mobile commerce [3] as a result

of ever-increasing dependence on internet and multimedia services.

In summary, the potential ability of vehicles to communicate directly via wireless links is opening
up a plethora of exciting applications. The main applications of IVC, as summarized by [4], can be

categorized into three classes:



Advance driver assistance: Increasing road safety by reducing the number of accidents as well as

reducing the impact in case of non-avoidable accidents.

User communications and information services: Offering comfort and business applications to

drivers and passengers.
Decentralized floating car data: Improving local traffic flow and efficiency of road traffic.

On the physical layer of IVC, the media used so far includes both infrared and radio waves. The
radio waves include VHF, micro, and millimeter waves. Although VHF waves such as 220MHz band
have been used because of their long communication distance, the mainstream nowadays is
microwaves. The Federal Communications Commission (FCC) approved 75 MHz bandwidth at
5.850- 5.925GHz frequency bands for ITS wireless communications between vehicles and roadside
infrastructures, which is also called Dedicated Short Range Communication (DSRC) spectrum [5]. In
Japan, 5.8 GHz DSRC was used by company DEMO 2000 [6] and 60 GHz millimeter waves has been
tested to evaluate its performance under the hidden terminal situation [10]. In Europe, Chauffeur
chose 2.4 GHz at the beginning [7] then they changed it to 5.8 GHz. CarTALK/FleetNet chose UTRA
TDD because of the availability of an unlicensed frequency band at 2010-2020 MHz in Europe [4]. It
is worth to note that infrared, in spite of its various drawbacks, has been deployed by most projects

including PATH [8] and CarTALK, typically for co-operative driving.

DSRC is based on IEEE 802.11p standard for wireless access in vehicular environment. As shown
in Figure 1.1, the overall bandwidth is divided into seven frequency channels [9]. The channel time is
divided into synchronization intervals with a fix length of 100ms, consisting of a Control Channel
(CCH) interval and Service Channel (SCH) interval, each of 50ms. CCH frequency channels can only
be used by safety relevant applications and for system control and management purposes. The other

six channels are SCHs, mainly supporting the non-safety applications.

Although there has been a growing literature on the networking and application layers in vehicular
networks, the relevant literature on the physical layer aspect is sparse. The main challenge facing the
deployment of vehicular networks indeed manifests itself as their main advantage, i.e. the lack of
infrastructure. This makes recently proposed cooperative diversity [11]-[13] as an ideal physical layer
solution for vehicular networks. . In the following three sections, we will briefly summarize the
diversity techniques in general and description for cooperative diversity, which will be the main

background of our work.
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Figure 1.1: Multi-mode channels [9]

1.1 Diversity Techniques

The mobile radio propagation environment places fundamental limitations on the performance of
wireless radio systems. There are roughly three complex and independent phenomena that together
create a hostile transmission environment: path loss variation with distance, short term (fast)
multipath fading and slow log-normal shadowing. The underlying physical principles behind these
phenomenons are different. Path loss is due to the decay of electro-magnetic wave intensity in the
atmosphere. Multipath fading is due to the constructive and destructive combination of randomly
delayed, reflected, scattered, and diffracted signal component. This type of fading is relatively fast
and is therefore responsible for short-term signal variations. Slow shadowing is due to the

topographical variations along the transmission path.

For a typical mobile wireless channel in urban areas where there is no line of sight propagation and
the number of scatters is considerably large, the application of central limit theory indicates that the
complex fading channel coefficient modeling multipath fading has two quadrate components which
are zero mean Gaussian random processes. As a result, the amplitude of fading envelope follows a
Rayleigh distribution. In terms of error rate performance, Rayleigh fading converts the exponential
dependency of the bit-error probability on the signal-to-noise ratio (SNR) for the classical additive
white Gaussian noise (AWGN) channel into an approximately inverse linear one, resulting in large

SNR penalty.



In order to improve the reliability of transmissions on wireless radio channels, some measures have
to be employed in order to reduce the degrading effects of multipath fading. Diversity techniques
have been known to be effective in combating the extreme and rapid signal variations associated with
the wireless radio transmission path. Diversity improves transmission performance by making use of
more than one independently faded version of the transmitted signal. If several replicas of the signals
are transmitted over multiple channels that exhibit independent fading with comparable strengths, the
probability that all the independently faded signal components experience deep fading simultaneously
is significantly reduced. A communication system operating over wireless channels should be
designed in a way to exploit as much as diversity as possible. There are several sources that diversity

can originate from. The most common methods are briefly summarized below [14], [15].
1.1.1 Frequency Diversity

If the channel behaves frequency-selective [15], its transfer function influences different part of the
signal’s spectrum diversely. Hence, diversity is obtained in the frequency domain that can be
exploited by appropriate receiver structure. For Code division multiple access (CDMA) systems the
RAKE receiver [14] exploits frequency diversity by combining different propagation paths being
separable in time [16]. In coded Orthogonal Frequency Division Multiplexing (OFDM) systems, the
decoding process averages over carriers associated with different channel coefficient [17]. It should
be emphasized that frequency diversity can be exploited if the separation between the carriers is at

least equal to the coherence bandwidth of the channel [16].
1.1.2 Time Diversity

In this form of diversity, different time slots are used to realize diversity advantage. The message is
transmitted repeatedly over several time slots. To ensure independency among multiple diversity
channels, the time separation between adjacent transmissions should be larger than the channel
coherence time. A sophisticated method to obtain time diversity is channel coding in conjunction with
interleaving [17]. This technique is effectively particular for time-selective fading environments.
However, it offers little protection under slowly varying fading channels, unless significant

interleaving delays can be tolerated.



1.1.3 Space Diversity

Recently, the design of wireless systems using multiple antennas at transmitter and/or receiver side
gained much interest. For antenna separations larger than several wavelengths, the channels can be
assumed to be independent, so that diversity is obtained even for quasi-static channels where time-
diversity cannot be exploited. The required antenna separation depends on the local scattering
environment as well as on the carrier frequency. For a mobile station which is near the ground with
many scatters around, the channel decorrelates over a shorter distances, and typical antenna
separation of half to one carrier wavelength is sufficient. For base stations on high towers, a large

antenna separation of several to tens of wavelength may be required [17].
1.1.4 Polarization Diversity

A significant amount of transmitted energy over the radio channel is usually transposed to a
polarization state orthogonal to that of the transmitting antenna. This is due to the multipath reflection
and scattering that the transmitted signal experiences during its propagation. The use of polarized
diversity scheme allows the receiver to take advantage of both co-polarized and cross-polarized states
[19]. The main advantage of polarization diversity is that it improves BER performance of the
wireless communication systems without requiring the large antenna spacing that is necessary in
spatial diversity. The drawback of this technique is that we have to transmit 3 dB more because we

have to feed signals to both polarization antennas at the transmitter [18].
1.1.5 Directional Diversity

The received signal at the receiver consists of reflection, diffraction, or scattered signals and they
come from incident angles. If we can resolve the received signal by using directive antennas, we can
obtain independent faded signals because all of the paths, coming from different angles are mutually
independent. When we employ a directive antenna, we can reduce the Doppler spread for each branch

[16].
1.1.6 Diversity Combining Methods

After the receiver obtains several replicas of the same signal through diversity channels, it
processes them to obtain a single representation of the desired symbol. There are different combining
methods depending on the level of channel knowledge at the receiver. Maximum Ratio Combining

(MRC) achieves the maximum SNR at the receiver’s output by weighting each received replica by the

5



corresponding complex conjugate channel coefficient and successive summation. Therefore, this
method requires the knowledge of amplitude and phase of all involved channels, and requires
screening and tracking for all components. In Equal Gain Combining (EGC) the phase rotation for
each signal is compensated but the magnitude remains unchanged. This method only requires the
phase of all channel coefficients, not the magnitudes. Selection Combining (SC) represents the
simplest combining method because it only selects a subset of replicas for further processing and

neglects all the remaining signals [22].
1.2 Transmit Diversity

Transmit diversity, a form of spatial diversity, has been studied extensively within the last decade
as a powerful method of combating detrimental effects in wireless fading channels [20]-[22]. The
deployment of multiple antennas at the base station to facilitate uplink transmission (i.e., receive
diversity) has been traditionally used in cellular system. However, the use of multiple antennas at the
mobile station is not feasible due to the limitations on size and the expense of multiple down-
conversions of RF paths. Despite its obvious advantages, transmit diversity has been viewed as more
difficult to exploit in the past, in part because the transmitter is assumed to know less about the
channel than the receiver and in part because of the challenging signaling design problem. Within the
last decade, transmit diversity has attracted a great deal of attention and practical solutions have been

proposed to realize transmit diversity advantages.

Transmit diversity can be classified into two broad categories based on the need for channel state
information (CSI) is the transmitter: Close-loop and open-loop schemes. When the transmitter does
not have any information about the channel, the system is classified as an “open-loop” system. In this
case, the receiver may estimate the channel and uses the CSI for decoding. However, the transmitter
does not have access to the CSI. On the contrary, in some systems, the receiver sends some
information about the channel back to the transmitter through feedback channel. This is called “close-
loop” system and the transmitter can use this information to improve the performance [23]. In the
design of close-loop schemes, several other factors such as feedback delay, feedback error, and

channel estimation error need to be taken into account.

In open-loop diversity schemes, the receiver estimates and uses the CSI information, but the
transmitter does not have the access to CSI. An early example of such schemes has been proposed by

Wittenben [24], [25] where the operating frequency-flat channel is converted intentionally into

6



frequency selective channel to exploit artificial path diversity by means of a maximum likelihood
(ML) decoder. The so called “delay diversity” scheme of [24] is optimal in the sense that the diversity
advantage experienced by an optimal receiver is equal to the number of transmit antennas [26]. Delay
diversity also an ancestor of space-time trellis codes (STTCs) which have been proposed in the

1990’s by Tarokh, Seshadri, and Calderbank [27].
1.2.1 Space-time Coding

The information capacity of wireless communication systems can be increased considerably by
employing multiple transmit and receive antennas leading to the so-called MIMO (multi-input-multi-
output) communications. An effective and practical way to approaching the capacity is to employ
space-time coding [27]. Space-time trellis codes (STTCs) combine the channel code design with
symbol mapping onto multiple transmit antennas. The data symbols are cleverly coded across space
and time to extract diversity advantages. In the pioneering work [27], Tarokh et al, have derived the
performance criteria for STTCs based on upper bound on pairwise error probability (PEP) for quasi-
static and symbol-by-symbol interleaved fading channels. For quasi-static fading channels, error rate
performance is shown to be determined by matrices constructed from pair’s distinct code sequences.
The minimum rank among these matrices qualifies the diversity gain, while minimum determinant
quantifies the coding gain. These are known as “rank and determinant” criteria. Whereas, for fast
fading channels, space-time code design is governed by “distance and product” criteria, which
determines the diversity and coding gain respectively. STTCs provide full diversity, but the
complexity of the receiver structure increases exponentially with the number of transmit antenna.
Space-time block codes (STBCs) were proposed as an attractive alternative to its trellis counterpart
with a much lower decoding complexity. These codes are defined by a mapping operation of a block
of input symbols into the space and time domains, transmitting the resulting sequences from different
antennas simultaneously. Tarokh et al.’s work in [27] was inspired by Alamouti’s early work [20],
where a simple two-branch transmit diversity scheme was presented and shown to provide the same
diversity order as MRC with two receive antennas. Alamouti’s scheme is appealing in terms of its
performance and simplicity. It requires a very simple decoding algorithm based only on linear
processing at the receiver. STBCs based on orthogonal designs [32] generalizes Alamouti’s scheme to
an arbitrary number of transmit antennas still preserving the decoding simplicity and are able to

achieve the full diversity at full transmission rate for real signal constellations and at half rate for



complex signal constellations such as QAM or PSK. Over the last years several contributions have

been made to further improve the data rate of STBCs, e.g., [33], [34] and the references therein.
1.3 Cooperative Diversity

With their significant advantages, MIMO techniques have been already included in various
industry standards such as 3" generation cellular and IEEE 802.11n WLAN standards. Unfortunately,
the deployment of multiple antennas might not be practical, if not infeasible, in the uplink of a
cellular system, due to the size, power limitations, and hardware complexity of the mobile terminals.
Similar restrictions also apply to the wireless sensor networks which are gaining popularity in recent

years.

One way to overcome these limitations is cooperative diversity [11]. Cooperative diversity realizes
spatial diversity advantages in a distributed manner where a node uses others’ antennas to relay its
message creating virtual antenna array. The basic idea behind user cooperation can be traced back to
Cover and El Gamal’s work on the information theoretic properties of the relay channel [30]. The
recent surge of interest in cooperative communication was subsequent to the works of Sendonaris et
al. [12] and Laneman et al. [11]. In [11], Laneman et al, proposed a user cooperation protocol that is
built upon a two-phase transmission scheme. In the first phase (i.e., broadcasting phase), the source
broadcast to the destination and relay terminals. In the second phase (i.e., relaying phase), the relay
transmits processed version of the received signals to the destination. Source, relay and destination
nodes are all equipped with single transmit/receive antennas and operate in half-duplex mode (i.e., a
node can either transmit or receive at a given time, but cannot do both simultaneously). Cooperative
communication requires a user to listen to the transmission from other users and relay this
information to the destination. In other words, the users are required to be within the radio range of
each other, so that mutual transmissions can be received with reasonable signal strength, at least on an

average power.

The user cooperation protocol considered in [11] effectively implements receive diversity in a
distributed manner. In [13] Nabar et.al, established a unified framework of cooperation protocols for
single-relay wireless networks. They have considered three TDMA-based protocols named Protocol I,

Protocol II, and Protocol III, which are briefly described below

e Protocol I: during the first timeslot, the source terminal communicates with the relay and
destination. During the second time slot, both the relay and the source terminals

8



communicate with destination terminal. This protocol realizes the maximum degree of
broadcasting and receives collision. Protocol I is referred to as “transmit diversity (TD)”

protocol in [35].

e Protocol II: during the first timeslot, the source communicates with the relay and destination
terminals. In second time slot only the relay is involved in transmitting the signal to the
destination. This is the same cooperation protocol proposed by Laneman et al. in [] and is

referred to as “receive diversity (RD) protocol” in [35]

¢ Protocol III: this is similar to Protocol I, except that the destination terminal does not receive
from the source during the first time slot. This protocol does not implement broadcasting
but realizes receive collision. This is referred to as “simplified transmit diversity (STD)

protocol” in [ 35]

It can be noticed from the descriptions of protocols that the signal transmitted to both the relay and
destination terminals is the same over the two time slots in Protocol II. Therefore, classical space-time
code construction does not apply to Protocol II. On the other hand, Protocol I and Protocol III can
transmit different signals to the relay and destination terminals. Hence, the conventional STBC can be

easily applied to these protocols in a distributed fashion.

The above cooperation protocols can work with various forms of relaying methods. Three popular
relay strategies, namely amplify-and-forward (AaF), decode-and-forward (DaF), and amplify/decode-

and-forward (ADF) are summarized below

e  Amplify-and-forward (AaF): In the amplify-and-forward (AaF) technique, the relay nodes
simply scale the received samples to meet the average transmit power constraint and before
forwarding to the destination. The key advantages of the AaF technique are that relay
nodes do not have to decode the information, reducing the burden on these nodes which
would typically be low power mobile devices. However, the disadvantage is that the
information symbols, corrupted by inter-user channel distortion, are forwarded along with

the receiver noise at the relay node

e Decode and Forward (DaF): A wireless communication system typically takes advantage
of digital modulation. In scenarios, where the relay has enough computing power to decode
the signal, DaF is preferred. The received signal is first decoded and then re-encoded. So

there is no amplified noise in the sent signal, as in the case of AaF. The relay can decode
9



the original message completely. This requires a lot of computing power, but has the

advantage that an error correcting code could be processed at the relay.

e  Amplify/decode-and-forward (ADF): In this hybrid version, an ADF relay will use its
knowledge of the channel coefficients to make a decision to either act as an AF relay or a
decode-and-forward relay. Specifically, if the inter-user channel is not in outage, then each
user can perfectly decode the other’s information assuming that the transmitted information
is encoded using a capacity approaching error control code, and hence forward a clean
version to the destination. The ADF relay will decode the received information and
forward the decoded symbols to the destination. On the other hand, in the case of an
outage, it would be counter-productive to forward erroneously decoded information, so the

ADF relay simply amplifies and forwards the packet.
1.4 Research Motivation

Vehicular Communication is entering an exciting phase. Auto-mobile companies are investing
huge amount of resources in research to facilitate this technology. In past, most of the work has been
directed at routing, security, or Quality of Service (QoS). However, the literature on physical layer

modeling and analysis in Vehicular Communications is quite sparse.

In addition to V2V communication, some recent work has addressed the theoretical aspects of
cooperative diversity [11] . It has been demonstrated that leveraging on cooperative diversity expands
the efficacy of wireless networks by improving the range, the capacity, and the quality. Nevertheless,
the available research is not directly applicable to IVC, due to underlying assumption of quasi-static
Rayleigh fading channel model. In cellular radio systems, Rayleigh distribution is commonly used to
characterize the envelope of a fading signal. The typical assumption is that the wireless
communication scenario has a stationary base station antenna above roof-top level and a mobile
station at the street level. However, in V2V communication systems, both the transmitter and the
receiver are in motion and the elevations of their antennas are relatively lower, invalidating the
Rayleigh fading assumption. In order to realize the full potential of cooperative diversity in IVC, an
in-depth investigation of performance limits under realistic V2V channel models and enabling

techniques to support broadband V2V applications is imperative.

In this research, we try to analyze the performance of our proposed physical layer model over
cascaded fading. In addition, we take into account two different types of relay that can be used in
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vehicular environments. Since earlier research has demonstrated that significant improvements can be
achieved through optimized protocols, we resort to such optimized protocols for analyzing power

savings in vehicular environments.
1.5 QOutline of the Thesis

The rest of the thesis is organized as follows: in Chapter 2, we introduce the cascaded Rayleigh
fading model. We also define the transmission models for access-point assisted and vehicular-assisted
communications. In Chapter 3, we derive the PEP expressions for each of the considered model. In
Chapter 4, we calculate the union bounds on the BER and present the power allocation methods
which are optimum in the sense of minimizing the BER and discus their efficiency for various
location of the relay. In Chapter 5, we present a comprehensive Monte-Carlo simulation study to
demonstrate BER performance of the IVC, with different type of relays. The performance comparison
is done between equal power allocation and optimum power allocation. The conclusion of this thesis

is presented in Chapter 6.
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Chapter 2
Channel and System Model

The current literature on cooperative diversity is mainly limited to traditional Rayleigh fading
channel which is not much realistic for vehicular networks [36]. In this chapter, we first present the
theoretical background on “cascaded fading channel” (also known as “double Rayleigh™) which has
been proposed as a realistic description of wireless fading channels experienced in mobile-to-mobile
communications [34]. Later in the chapter, we introduce our cooperative transmission models over

cascaded Rayleigh fading channels.
2.1 Cascaded Rayleigh Fading

In cellular systems, base station is stationary, highly elevated and mostly free of scattering, whereas
mobile station is at low elevation in a scattering environment. This link model is known as fixed-to-
mobile (F-to-M) [38]. The received envelope of F-to-M, under non line-of-sight conditions is
Rayleigh fading. In contrast to F-to-M link, both transmitter and the receiver are in motion in
vehicular communication. They are equipped with low elevation antenna, causing the local scattering
to have an impact on both mobile stations. The statistical properties in F-to-M link therefore differ

from those in vehicular communications.

Akki and Haber [39] were the first to develop the statistical model for Mobile-to-Mobile (M-to-M)
channels. A propagation model, that can be viewed more realistic in M-to-M communications, is the
cascaded (double) Rayleigh model, first indentified by W. Honcharenko et al [40] and V. Erceg et al.

[41] in indoor and micro-cellular propagation studies.

Figure 2.1 shows the M-to-M scenario as given in [37]. Where, N is the number of scatters around
transmitter and receiver denoted by S;, and R respectively. The scattering radii, R; and R; are
considered large so that the fading processes due to the movement of the mobiles can be considered
stationary. The most important assumption in this model is that the distance between the two mobile
stations or vehicles should be large enough, so that the scattering around each terminal is determined

by two independent groups of scatters [37].

12



Figure 2.1 Mobile-to-Mobile scattering model

The total signal incident on the N scattered at the receiver, S, (t) is the sum of n (complex)

signals from the scatters around the transmitter

Sn(t):ZAw exp[j(WTnt+¢m )]exp(—j%dmx] 2.0

where A, and ¢ are random variables (reflection/ diffraction coefficients from the scatters), W, is the
Doppler shift due to then" transmitter scatters, O is the distance between the transmitter scatter
and the receiver scatter and A is the wave-length. The total received signal at the receiverr(t) is

given by the sum of the contribution from all M scatters around the receiver.

r-eo(-i 20, | S| fwera 2L, |

x(i B, exp{ J (wpmt +¢. +27”AmjD

Using (2.2), we can obtain the narrow-band, time-varying channel transfer function in a 3-D

2.2)

environment

H,(t)= (i AG; (ki )exp[ j(w,t +¢”)]j(g B,Gr (Ken ) exp| J (Went +¢m)]j 2.3)

The expression (2.3) derived by 1. Z. Kovacs [], presents a very important observation. The channel
transfer function obtained here is more general compared to the transfer function obtained in [39].

The signal envelope distribution is given by the product of two independent Rayleigh variables, and
13



this is the reason for it being called “double Rayleigh” or “cascaded Rayleigh”. This result is different
from what J.P.M.G. Linnartz proposed in [42]. Linnartz propagation model assumed the main signal
path between two mobile stations to form completely independent paths, without interference at the
scatters. Thus, the received signal is given not as a product of independent uniformly distributed
random variables. From [43], the distribution of the product of n-independent Rayleigh random

variable in terms of Meijer G-Function is given as follows

11j
L o4

where Y is the product of n-Rayleigh random wvariables, and variance is given by the

1

Ln)=22e) 26 (o) 'y

parameter o’ = l_Ii":lo]2 and Meijer G-Function is a generalization of the hyper-geometric function and

is defined using contour integral representation in [44].

Special cases: The equation in (2.4) can be reduced to the case of Rayleigh fading and cascaded
Rayleigh fading by assigning n=1 and n=2, respectively. For n=1; we can use the identity defined in
[43]

G! 0(z
01

By using (2.5), we can obtain the Rayleigh distribution in the following two forms
1
_ _1 —
fY(y)=2(202) ZG(I) ?[(262) y? ;J (2.6)

_\2
f,(y)= J exp[ yj 2.7)

b

‘) = 7% (2.5)

207 20°
Similarly for n=2, let us define Z = Xy, where X and Yy are two independent complex Gaussian random

variables, having zero mean and 0.5 variance per dimension. By using the identity as given in [43]

1
G’ g(z b) =272"9K, (Zﬁ) 2.8)

The distribution of “double-Rayleigh” can be presented in the following two manners

Hj (2.9)
Ll
z z
fz(z):[(7 2JK0(0—j (2.10)
z Z
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where K, is the Zero order modified Bessel function of the second kind [46]. Also &, = o} oy , is the

variance of Z . The magnitude |Z| follows a cascaded Rayleigh distribution [45].
f(|2])=4|7|K,(2]z) @.11)
With normalized power E [|Z|2} =1. The detailed derivation of this distribution can also be found in
[37].

2.2 Cooperative Transmission Models

We consider a single-relay scenario in which source, relay, and destination nodes operate in half-
duplex mode and are equipped with a single pair of transmit and receive antennas. We study two

different scenarios based on the relay type

In the first scenario, the relay is considered as road-side infrastructure, which could be an access
point or base station depending upon the wireless technology to be implemented by the service
provider. The source vehicle is assisted by this relay to send the signal information towards the
destination which is also a vehicle. This model is shown in Figure 2.2 and will be referred to as
Access Point Assisted (APA) communication. Here N, Ny, and hyp represents the fading coefficient
of links source-to-relay (S — R), relay-to-destination (R — D) and source-to-
destination (S — D) respectively. The channel between source—to—destination(s - D) is modeled
as cascaded Rayleigh fading channels. Therefore, N is assumed to be product of two i.i.d
(independent and identically distributed) complex Gaussian random variables each of which has zero
mean and variance of 0.5 per dimension. The fading model for the other two links, source-to-
relay(S - R) and relay-to-destination(R—) D)is considered as Rayleigh. Therefore, hg,and
h.p are assumed to be i.i.d zero mean complex Gaussian random variables with variance 0.5 per
dimension. Rayleigh fading assumption in these links is justified considering that the relay node is an

AP elevated above the street level.
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RELAY (R

hSR,dSR hRDydRD

hsp, dsp

SOURCE (S) DESTINATION (D)
Figure 2.2 Access point assisted Communication (APA)

In the second scenario, all the three nodes are considered as vehicles and underlying links are
modeled as cascaded Rayleigh. This scenario is depicted in Figure 2.3 and will be referred to as
Vehicular Assisted (VA) communications. In vehicle-assisted scenario, all underlying links are
modeled as cascaded Rayleigh. Therefore hgy,h.pandhg, are assumed to be products of i.i.d

complex Gaussian random variables each of which has zero mean and variance of 0.5 per dimension.

In both models the parameters (dgp,,dgzand dy ) are the distances betweenS — D, S — R and
R — D respectively, and 0 is the angle betweenS — R, andR — D .

RELAY (R)\
Y

hSR,dSR hRD:dRD

hSDvdSD
SOURCE (S) DESTINATION (D)

Figure 2.3 Vehicular Assisted Communications (VA)
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2.3 Path loss Model

We assume an aggregate channel model which takes into account both long-term path loss and
short-term fading. This lets us to explicitly consider the effects of relay location in our transmission

model. The path loss between any two nodes A and B can be modeled by
D

a
AB

Loss(A,B) = 2.12)

where D is a constant that depends on the propagation environment, d,; is the Euclidean distance
between nodes A and B, and « is the path loss coefficient. Typical values of «& can be found in Table

2.1 for various wireless channel environments

Table 2.1 Path loss coefficient in different environments [1]

Environment Path loss exponent
Free Space 2

Urban Area Cellular Radio 2.7-3.7

Shadowed Urban Area Cellular Radio 3-5

In building Line of Sight 1.6-1.8

Assuming the path loss betweenS — Dto be unity, the relative geometrical gain

of S > RandR — D links are defined, respectively,

_ Loss(S,R) _[dso j

- = (2.13)
* Loss(S,D) | dg
Loss(R,D) (dg )
o= = (2.14)
Loss(S,D) ( dgp
This can further be related to each other by the Pythagorean Theorem as,
Grp + G g —24Gprp Gy cos @ = G,y Gy (2.15)
We further define the relative geometrical gain as
Go (o )
B =25 :{ﬂj (2.16)
GRD dSR

The relay location will be indicated by £ . The more negative the ratio (given in dB), the closer is
the relay located to the destination. On the other hand, positive values indicate the relay and source

17



are closer. The particular case of the = 0dB means that both source and destination terminals have

same distance to the relay. In terms of 5, we can further rewrite Ggg and Ggp as

Ggr :1+ﬁ—2\/ﬁcos(9 (2.17)
GRD:1+'B_2'[\),/ECOSH 2.18)

2.4 Signal Model

Our signal model is based on Protocol II for user cooperation. This method effectively implements
a single-input-multiple-output (SIMO). Let X denote the transmitted signal in the first time slot. We
assume M-PSK (phase shift keying) modulation with normalized unit energy for the signals,

i, E[|X’]=1. Considering path-loss effect, the received signal at the relay and destination are

given as
I, = 2GR AENhg X+ N, (2.19)
Iy, =v2AEhgX+ng, (2.20)

where the total energy (to be used by both source and relay terminals) is 2E during two timeslots
yielding an average power in proportion to E per time slot, A is the optimization parameter which
controls the fraction of power reserved for the broadcasting phase. For equal power allocation the
value for A is assigned to be 0.5.Ng, and Np,, are the independent samples of a zero-mean complex
Gaussian random variable with variance No/2 per dimension, which models the additive noise term.

Here hg,and hyy, represents the fading coefficients for S — Rand S — D links respectively.

The relay terminal normalizes the received signal I'y by a factor of ,[E [|rR| ] to ensure the unity
of average of energy and re-transmits the signal during the second time slot. Therefore, the received

signal at the destination terminal in the second time slot is given as

.
r=.2Gq, (I—A)EhRD%X+ﬁ 2.21)
El 5 I']

where, 1 is the additive noise term modeled as a zero-mean complex Gaussian random variable with

variance No/2 per dimension. The normalization factor is calculated as

E DrRH =2G,AE+N, (2.22)
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Substituting (2.22) into (2.21), we obtain

r—2E /M%%Hﬁ
2G,AE +N,

where, the effective noise term fis defined as

- 2G,,(1-A)E -
A= -——@L———)——hRDnR+nD2
2GAE+N,
conditioned on hgy , iy, is found out to be Gaussian with zero mean and variance of

} 2G..(1- AE|h,. [
[ o]+ 2t L,
0

We assume that the destination terminal normalizes the received signal given by (2.19)

142G (1= A)E|hy ||
with
(2G,AE +N,)

resulting in,

réz = \/;\/EhSDhRDX + nBz

where,
2G LA
N = zSR
o | + A
2G,ASNR +1
Al — SR

2G,, (1-A)SNR
Equation (2.20) and (2.27) can be written in a matrix form of

r=hX+n

where,
h= [hSD hSRhRD]
and,

o V2AVEX 0
|0 JnEx
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Chapter 3

Diversity Gain Analysis

In this chapter, we investigate the achievable diversity orders for cooperative vehicular scenarios
under consideration through the derivation of the pairwise error probability (PEP). PEP is the building
block for the derivation of union bound to the error probability and is commonly used for diversity

gain analysis where closed-form error rate expressions are unavailable.

Let X denote the transmitted codeword and assume the receiver makes a decoding error and
chooses another codeword X . PEP is the probability of choosing X instead of X and is denoted
by P (X — 5() . The conditional PEP given fading coefficient can be written as

3.1)

P(x—>5<|h)=Q

where Q(-) is the Gaussian Q -function defined by [16] and dz(X,f()denotes the Euclidean

distance between X and X and is given by

dz(x,k)zh(x-k)(x-k)HhH (32)
Using the Chernoff bound on Gaussian Q -function, an upper bound on PEP is given by [47]

. d*(X,X)
P(X—)Xh)ﬁexp _4—N0 (3.3)
Using (3.2), we obtained the following
d* (X, X) =2AE 7| | + 1E 2 ]hss [ oo (3.4)
where y = |X - )A(|2 . Now substituting (3.4) in (3.3)

N SNR
P(x — X|hgp, heg, Mg ) < exp((—sz(ZAWSD "+ |hl |hRD|2)j (3.5)

3.1 PEP for APA Cooperative Scheme

Recall that the link S — D is modeled as cascaded faded. Deﬁne|hSD|2 = |0{|2 | p ’ , where |0{|2 and

2 . . . . .
| p | are two independent complex Gaussian random variables, having zero mean and 0.5 variance per
dimension, and they follow exponential distribution, (3.5) can be re-written as
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SNRy

P(X > X|a, 8, hg, e ) < exp([—TJ(2A|a|2 18] + 7| |hRD|2)] (3.6)

. 2
now, averaging over|a'|

2ASNR N SNR
B:Ne, by ) < (TXV})FJ eXP(_TZ(% |hSR |2 |hRD|2 )j (3.7)

following through, we average (3.6) with respect to | p |2

-1 -1 -1
P(X%kthR,hRD)S(ZASL\IRZj exp((zASL\'le JF[O’(MSAI:IRZJ J

SNR
X exp(_TZ(% |hSR|2 |hRD|2 )j

Where F(.,.) is the incomplete Gamma function [48]. After taking the expectation over|hSD

P(x—>$<

(3.8)

2
, We

consider the links S — Rand R — D , which Rayleigh fading links are. Taking the expectation over
2 2
|hSR| and|hRD|

-1 -1 -1
P(X%XIhRD)S(ZAS?RZj exp((zAs:lej JF(O’(zASAIt\IR;(] ]

. (3.9)
X(H 7SNRz |hRD|2]
4
substituting for y,
-1 -1 -1
P(X—>5(|hRD)S(2ASNRZj exp (2ASNsz r O{2ASNR;{)
4 4 4
-1 (3.10)
o 14 ZGSRAZSNR;( |hRD|2
4(Ineo | + A)
After performing some basic manipulations
-1 -1 -1
P(X—))A(|hRD)S(2ASNRZj exp (2ASNR;() r 0’(2ASNRZJ
4 4 4 G

2
y A + |heo |
A + (142G ASNR 7 ) |heo |
Using the divide operation to get |hRD |2 only in the denominator
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-1 -1 -1
P(x—>>‘<|hRD)s(2ASL\'RZ) eXp((ZAS:Isz ]F[O’(zAS‘l‘\IR;{j J

A - A
. 1, GsxASNRy (3.12)
><(1+ GSRASNR;(j T,
2 A i+ ool
L4 GASNRy I'FP

Now averaging over|hRD , this follows exponential distribution. Therefore, we obtain

-1 —1 -1 -1
P(X—))A(|hRD)S(2AS‘|‘\IRZj exp((zAs:lej ]r[o{zAs‘l‘\lej J(HGSRA;NRZJ

(3.13)

A SRz | ol 4P exp(ol*) o
2 ol | GLASNRy

Eq. (3.13) has a similar form of [48, pp.366, 3.384] and readily yields a closed-form solution. The

final unconditional PEP expression for APA can be given as

-1 -1 -1 -1
P(X_))A()S(ASNRZJ {exp(ASNRZJ F{O’[ASNRZJ H(HGSRASNRZJ
2 2 2 2
—1 -1
[ 1-{ B2 o 1, SR a1
<T'| 0 A(H—GSRASNR" Jl
’ 2

In Figure 3.1we compare the derived PEP expression with the exact one. It is observed that our

PEP expression matches exactly to the “exact” Chernoff bound given by (3.3). Assuming equal power
allocation (i.e., A= 0.5), equal distances among all nodes (Gg =1,Gyy =1,G;, =1 ), and
sufficiently high SNR, (3.14) reduces to

P(X,X)<4(xSNRA)™ (1+LA) (3.15)

which illustrates the diversity order of two is available.
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—4— Exact PEP
—+— Chermoff Bound
—=— Derived PEP (eq :

PEP

a 2] 10 15 20 25 a0
shr [dB)

Figure 3.1 Comparison of exact PEP, Chernoff bound and derived PEP at = -30dB

In order to understand the diversity gain analysis, we have plot the effective (instantaneous)
diversity order [45] which is simply the slope of derived as a function of average SNR on a log-log
scale, i.e.,log P (X, 5()/ log SNR . In Figure 3.2, we have included as a bench mark the performance
of the maximum ratio combining (MRC) with two co-located antennas in conventional Rayleigh
fading channel. Another benchmark is single-relay AF system with the same cooperative protocol
(protocol II), but over a conventional Rayleigh fading. It can be seen from the figure that performance
over the Rayleigh fading converges to its asymptomatic value of two very fast. Whereas, the
convergence is affected due to the cascaded nature of the environment and it is relatively slow in

approaching asymptomatic value of two.
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Figure 3.2 Effective diversity order for APA system over conventional and cascaded Rayleigh

fading.

3.2 PEP (Vehicular Assisted)

The underlying assumption in this model is that all linksS —> D, S — RandR — D are
influenced by cascaded Rayleigh fading. In previous section, we already obtained the PEP expression
average over the cascaded linkS — D in (3.14). We can model the fading coefficients of the
hRD| = |a2|| ,6’2| . We re-write (3.7) as

remaining two links as|hg| = e[| 3|, and,

. 2ASNR 7\ 2ASNR 7" 2ASNR 7Y
P(X—>X|al,ﬂ1,a2,ﬁ2)£(TZj exp((sz JF(O,(TZ] ]

SNR
X eXp(‘TZ(% |a1 |2 |:B1 |2 |a2 |2 |ﬁ2|2 )j

Recall that the distribution for the product of two independent Rayleigh random variables is given as

el =y)
I_IJ (3.17)
2’2

f,(z)=(c,)" G: 2((220'22)_1 z’

Letk = |Z|2 = |X|2 |y|2 , in order to find the distribution of K , we use the following transformation [49]
24

(3.16)




) -1
pe (k)= f,(2)|g'(2) (3.18)
where g' (Z) is the derivative of g(z). Substituting for f, (z)and g (Z), we obtain the distribution of
k

1

-1
)= o0 (o)
k

2 2 2 2 2
Let us now define Y, :|hSR| :|a1| |IBI| and Y» :|hRD| :|az| |ﬂ2
distribution, averaging (3.16) with respect to Y, and using [48, Eq. 7.8131.1], we obtain

-1 -1 -1
P(X - X|y,)< 2ASNRy " [(2ASNRy Y™ | 0. 2ASNRy
? 4 P 4 4

flj (3.19)
22
|2_ By using the above derived

B N (3.20)

1 (71ZSNRy2]2 G2 ! (O-y ) 27

20, 4 ' 2 7,2SNRy, |22

Now taking the expectation over Y, to obtain the unconditional PEP for VA
-1 -1 -1
P(X—))A()S 2ASNRy exp 2ASNRy rlo, 2ASNRy
4 4 4
-t 2\
x 1 [GSRVZSNRAJZ J"*’\/A1+y252 1 (Uy ) 1+ﬁ %’_

40_y10-y2 2 0 y2 b2 (GSRlSNRA) y2 %% (321)

1_1jd V[
2’2

Unfortunately, a closed-form solution for (3.21) is not available. This single integration can be

xG? g((4ay2 )y,

evaluated through commercially available mathematics software. In software’s, where Meijer G-

Function is not defined it can be transformed into Bessel function [46] if necessary.

In Figure 3.3, we compare our PEP expression (3.21) with exact PEP and Chernoff bound.
Furthermore we provide the effective diversity order, similar to APA. In Figure 3.4, we plot the
effective diversity order for vehicle-assisted relay scenario under consideration. It is observed that the
convergence is slower than that of AP-assisted scenario due to the additional degradation resulting

from cascaded Rayleigh channels in S — Rand R — D links.
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Figure 3.3 Comparison of exact PEP, Chernoff bound and Derived PEP at £ =-30dB
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Chapter 4

OPTIMUM POWER ALLOCATION

Optimum power allocation (OPA) is a key technique to realize the full potentials of relay-assisted
transmission promised by the recent information-theoretic results. The performance of cooperative
communication can be significantly improved by the optimal distribution of power between the
participating nodes as shown in many recent works [51]-[53]. In this chapter, we determine the
optimum power allocation procedures for APA and VA cooperative schemes under consideration. We
first derive a union bound on the BER which will be later used as an objective function for the

optimization of power allocation
4.1 Union Bound on BER Performance

We consider BER performance as our objective function for power allocation problem under

consideration. A union bound on the BER for coded systems is given by [51]
1 A A
R p(X)Y a(X > XJP(X > X) (@.1)
X X=X

Where, p(X) is the probability that codeword Xis transmitted, ( (X - 5() is the number of
information bits errors in choosing another codeword X, instead of the original one. The variable n is
the number of information bits per transmission, and P (X - 5() denotes the PEP. The required PEP
expressions for this calculation have been already obtained in the previous chapter. PEPs for APA

and VA schemes are given by (3.14) and (3.21), respectively.

The specific form of BER expressions depend on the modulation scheme. In the following, the
union bounds for BPSK, 4-PSK, 8-PSK, 16-PSK and 16-QAM are provided. Let y be the Euclidean

distance between any two signals in the constellation and assume f ( ;() ZP(X—> 5()

P arsc < f (Z :4) 4.2)
Rorsc < f(7=4)+1(x=2) 43)
Parsk < f(x=2)+1.5f(x=341)+033f(y=4)+1.67f (x=0.58) (4.4)

Poiopsk SO.5F (7 =4)+1.25F (y=3.847)+1.5f (y =3.412)+1.25f (y =2.765)

4.5
e f(r=2)+ T (7=1234)+ f (7 =0.5858)+0.5 (7 =0.152) )
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Poisoam S0.75F (1 =52)+0.125F (y =7.2)+0.75f (y =4)+2.25F (y =2)

4.6
+f(x=32)+1.12f (¥ =0.8)+0.25f (¥ =3.6)+0.75f (y =0.4)+ f (;(:1.6)( )

In Figure 4.1 and Figure 4.2, we provide comparisons between the union bounds associated with the
exact PEP and derived upper bound at relay location = -30dB for APA and VA schemes assuming
BPSK

—&— Exact PEF
—#— Derived Upper Bound

PEP

shr [dB]

Figure 4.1 Comparison of union bound on exact PEP and derived upper bound for APA
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Figure 4.2 Comparison of union bound on exact PEP and derived upper bound for VA

4.2 Optimum Power Allocation Method

As mentioned in the previous section the optimal power allocation rule is based on the
minimization of a union bound on the bit error rate (BER) performance. The power allocation
parameter in our model is represented as A . The value range is given as(0 < A <1. It can be readily
checked that the union bounds on BER are convex functions with respect to A. See for example
Figure 4.3 and Figure 4.4, where we plot (4.3) with respect to A for various values of SNR under AP-
assisted and Vehicular-assisted scenarios, respectively. The objective function is found to be convex
with respect to optimization parameter A = Convexity of the function under consideration guarantees

that local minimum found through optimization will indeed be a global minimum.

The analytical solution is unfortunately is very difficult, if not infeasible. To overcome this
limitation we have used MATLAB toolbox “fimincon” to find the minimum of our objective function
with respect to A. This command is designed to find the minimum of constrained nonlinear
multivariable function. It implements a sequential quadratic programming (SQP) algorithm. At each,

iteration of the algorithm, an approximation of the Hessian of the Lagrangian function is calculated
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using a quasi-Newton updating method. This is then used to generate a quadratic programming sub-

problem whose solution is used to form a search direction for a line search procedure

It should be emphasized that for practical systems this problem need not be solved in real-time,
because optimization does not depend on the instantaneous channel information or the input data.
This mean that the OPA values can be obtained apriori for given values of operating SNR and

propagation parameters, and can be used as a lookup table in practical implementation

10 ¢

' \‘ e 3

BER

—©-— SNR = 10 [dB] AP-assisted v
—H— SNR = 20 [dB] AP-assisted < = &
—o— SNR = 30 [dB] AP-assisted

7~ SNR = 40 [dB] AP-assisted

Figure 4.3 BER versus A (f=-30dB, 4-PSK, f=7,and a =2).
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Figure 4.4 BER versus A (f =-30dB, 4-PSK, 8 =7 ,and a =2).

4.2.1 Power Allocation (APA)

In Tables (4.1- 4.4), we present the optimum power allocation values for APA. We have assumed
6= n, and path loss coefficient & =2 for different modulation schemes. For the purpose of clearly
identifying the change trend of optimum values, we have considered three distinct relay locations.
The relay locations are identified as, close to destination # = —30dB , equal distances from the source

and destination £ = 0 dB, and close to source £ =30 dB.
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Table 4.1 Optimum power allocation values for APA (BPSK)

£ =-30dB S =0dB £ =30dB
SNR [dB] A A A
5 0.9764 0.6598 0.5020
10 0.9764 0.6634 0.5006
15 0.9764 0.6647 0.4996
20 0.9764 0.6651 0.4996
25 0.9764 0.6653 0.4995
30 0.9764 0.6653 0.4995
35 0.9764 0.6653 0.4995
40 0.9764 0.6653 0.4995

Table 4.2 Optimum power allocation values for APA (QPSK)

B =-30dB S =0dB B =30dB
SNR [dB] A A A
5 0.9776 0.6578 0.5030
10 0.9768 0.6621 0.5012
15 0.9765 0.6642 0.5001
20 0.9764 0.6650 0.4997
25 0.9764 0.6652 0.4996
30 0.9764 0.6653 0.4995
35 0.9764 0.6653 0.4995
40 0.9764 0.6653 0.4995
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Table 4.3 Optimum power allocation values for APA (16-PSK)

£ =-30dB S =0dB S =30dB
SNR [dB] A A A
5 0.9906 0.6598 0.5020
10 0.9842 0.6634 0.5506
15 0.9764 0.6647 0.4996
20 0.9774 0.6651 0.4996
25 0.9776 0.6653 0.4995
30 0.9765 0.6653 0.4995
35 0.9765 0.6653 0.4995
40 0.9765 0.6653 0.4995

Table 4.4 Optimum power allocation values for APA (16-QAM)

£ =-30dB £ =0dB £ =30dB
SNR [dB] A A A
5 0.9860 0.6716 0.5061
10 0.9813 0.6603 0.5046
15 0.9793 0.6628 0.5027
20 0.9787 0.6652 0.5014
25 0.9785 0.6662 0.5008
30 0.9784 0.6665 0.5006
35 0.9784 0.6666 0.5005
40 0.9784 0.6666 0.5005
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From Tables (4.1-4.4), we observe that when the source is close to the destination optimum values
of Aare ~0.95. These values indicate that it is efficient to spend most of power in the broadcast
phase, the remaining power (i.e.,1 — A ) should be dedicated to the relay. Similarly, when the relay is
equidistant from source and destination nodes, the overall power in broadcasting phase, required to
achieve minimum BER is A ~ 66%. The power allocation in the broadcast phase continues to drop,

when relay is near the source. In this case power allocation parameter is found to be A ~ 0.5.

In Figures 4.6, 4.7, 4.8, and 4.9, we demonstrate performance gains in power efficiency (as
predicted by the derived Union bound) achieved by OPA over EPA for a target BER of10~ . From
these figures, we observe that performance improvements up to 3db can be achieved for negative
values of £ (i.e., relay is close to destination) As relay moves from destination to source, the
performance curves of EPA and OPA converges to each other. It is also noted here that for higher

modulation schemes, the required SNR to achieve the same BER also increases.

T
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=103

SNR required for BER:
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Figure 4.6 Power savings through OPA (BPSK)
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Figure 4.7 Power savings through OPA (QPSK)
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Figure 4.8 Power savings through OPA (16-PSK)
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From the analysis of power gains, we observe that performance improvements up to 3dB can be
achieved for negative values of 5. Also, as the location of the relay is changed from near-destination
to near-source, the performance curves of EPA and OPA converges to each other. It is also noted here

that for higher m-PSK modulation schemes, the required SNR to achieve the same BER also

increases.

4.2.2 Optimum Power Allocation (VA)

In Tables (4.5- 4.8), we present the optimum power allocation values for VA cooperative scheme
assuming &= m, and path loss coefficient & =2 for different modulation schemes. For the purpose of

clearly identifying the change trend of OPA values, we have considered f =-30dB, f=0dB

and f =30dB .

Figure 4.9 Power savings through OPA (16-QAM)
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Table 4.5 Optimum power allocation for VA (BPSK)

£ =-30dB S =0dB S =30dB
SNR [dB] A A A
5 0.9030 0.6660 0.5530
10 0.9460 0.6760 0.5350
15 0.9590 0.6770 0.5270
20 0.9620 0.6780 0.5240
25 0.9630 0.6780 0.5230
30 0.9630 0.6780 0.5230
35 0.9630 0.6780 0.5230
40 0.9630 0.6780 0.5230

Table 4.6 Optimum power allocation for VA (QPSK)

£ =-30dB £ =0dB £ =30dB
SNR [dB] A A A
5 0.9720 0.6510 0.5990
10 0.9730 0.6730 0.5580
15 0.9730 0.6770 0.5410
20 0.9730 0.6780 0.5340
25 0.9730 0.6780 0.5320
30 0.9730 0.6780 0.5320
35 0.9730 0.6780 0.5310
40 0.9730 0.6780 0.5310
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Table 4.7 Optimum power allocation for VA (16-PSK)

£ =-30dB S =0dB S =30dB
SNR [dB] A A A
5 0.9280 0.6700 0.5530
10 0.9600 0.6840 0.5420
15 0.9690 0.6860 0.5360
20 0.9700 0.6910 0.5370
25 0.9710 0.6990 0.5370
30 0.9710 0.6970 0.5290
35 0.9710 0.6970 0.5290
40 0.9710 0.6970 0.5290

Table 4.8 Optimum power allocation for VA (16-QAM)

£ =-30dB £ =0dB £ =30dB
SNR [dB] A A A
5 0.9640 0.6720 0.5630
10 0.9720 0.6900 0.5530
15 0.9710 0.6940 0.5420
20 0.9720 0.6930 0.5410
25 0.9720 0.6920 0.5400
30 0.9720 0.6920 0.5370
35 0.9720 0.6920 0.5360
40 0.9720 0.6910 0.5360
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In VA scheme, when the source is close to the destination optimum values of A are ~ 0.97. For
L =0dB, the optimum values changes in the range of ~ 67%-69%, depending upon the type of
modulation used. Similarly, when the relay is close to the source, the overall power in broadcasting
phase, required to achieve minimum BER is in the range of A ~ 53%-56%. This is slightly higher

when compared to the same relay location in APA scheme

In Figures 4.10, 4.11, 4.12, and 4.13, we demonstrate performance gains in power efficiency (as
predicted by the derived Union bound) achieved by OPA over EPA for a target BER of107 . From
these figures, we observe that performance improvements up to 3dB can be achieved for negative
values of [ (i.e., relay is close to destination). As relay moves from destination to source, the
performance curves of EPA and OPA converges to each other. It is also noted here that for higher

modulation schemes, the required SNR to achieve the same BER also increases
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Figure 4.10 Power savings through OPA (BPSK)
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Figure 4.11 Power savings through OPA (QPSK)
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Figure 4.12 Power savings through OPA (16-PSK)
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Chapter 5

SIMULATION RESULTS AND DISCUSSION

In this section we present the Monte-Carlo simulation results to elaborate on our analytical results

in the previous section.
5.1 BER Performance of APA Cooperative Scheme

In Figures 5.1, 5.2, and 5.3 we compare the performance of simulated BER for APA, with equal
power allocation and optimum power allocation. Here we have assumed @=7, and path-loss
coefficient & = 2. As a benchmark, we have also included the performance of non-cooperative direct
transmission (i.e., no relaying), Alamouti scheme with two transmit antenna over cascaded fading
channel, and MRC with two receive antennas over cascaded fading channels. In order to make a fair
comparison in terms of throughput rate, benchmark schemes are simulated with BPSK and

cooperative scheme with QPSK, to achieve the same rate.
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Figure 5.1 Performance results for APA with £ =30dB
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As observed from above figures, the largest performance gain through OPA is obtained when relay
is moved close to the destination. Specifically, for = -30dB, we see a performance improvement of
2.8dB at BER of10”. This confirms our earlier observation on the analytical results where
performance improvement of 3dB is predicted (see Figure 4.9). For this particular relay location, we
also observe that performance of OPA outperforms MRC by 2.7dB. This is expected because in MRC
both independent links encounter cascaded Rayleigh fading, but in APA only source-to-destination
link experiences cascaded Rayleigh. For other locations, the performance gains through OPA are less

and its performance is comparable to that of MRC for £ = 0dB and less than that for £ =30dB

To demonstrate the effect of constellation size, we now simulate BER performance of OPA and
EPA considering higher modulation schemes in Figures (5.4-5.6). The cooperative schemes are now

simulated with 16-PSK and 16-QAM while the benchmark schemes are simulated with QPSK.
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Figure 5.4 Performance results for APA with = 30dB

45



Bit Error Rate

Bit Error Rate

1 —— Non-Cooperative

1 —<— MRC

{ —+ - EPA, 16-PSK

1 —©— OPA, 16-PSK

i —t - EPA, 16-QAM

=i —<}— OPA, 16-QAM

1 —H— Alamouti
|

10'6 : | :
5 10 15 20 25 30
SNR [dB]
Figure 5.5 Performance results for APA with = 0db
10°

i saiiy
R

| |
e £
a C
il C
| |
10 L _[—+— Non-Cooperative |
F=| —<— MRC F -
r-| —+ -EPA,16-PSK [C-C-O--Z-ZZZZCZZZZZZJZI-ZZ°s ]
| —e—o0PA 16PSK f--dioooootooooooiooooT
10°L-| — EPA 16-QAM | _
F=| —<F— OPA, 16-QAM F =
r- %‘Alamouti ‘ r -
10'6 : :
0 5 10

SNR [dB]

Figure 5.6 Performance results for APA with = -30dB

46



With higher modulations OPA still outperforms EPA by 2.8dB when relay is close to destination.
An interesting observation over here is that with higher modulation schemes the OPA does not
outperforms the MRC. This shows the effect of crowded nature of signal constellations under
consideration. Also the comparison between 16-PSK and 16-QAM confirms the better performance

of QAM scheme due to the larger minimum distance.
5.2 BER Performance of VA

In Figures 5.7, 5.8, and 5.9 we compare the performance of simulated BER for VA cooperative
scheme, with equal power allocation and optimum power allocation. Here we assume €=, and
path-loss coefficient = 2. As a benchmark, we have also included the performance of non-
cooperative direct transmission (i.e., no relaying), Alamouti scheme with two transmit antenna over
cascaded fading channel, and MRC with two receive antennas over cascaded fading channels. In
order to make a fair comparison in terms of throughput rate, benchmark schemes are simulated with

BPSK and cooperative scheme with QPSK, to achieve the same rate.
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Figure 5.7 Performance results for VA with £ =30dB
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As observed from above figures, the most significant performance gain through OPA is obtained
when relay is moved close to the destination. Specifically, for = -30dB, we see a performance
improvement of 2.1dB at BER of10~. For this particular relay location, we also observe that
performance of OPA is slightly away from that of MRC scheme. In contrast to AP scheme, for the
relay location £ = -30dB the performance of OPA does not out performs MRC. This is because now
in MRC and VA cooperative scheme all links are cascaded Rayleigh.

To demonstrate the effect of constellation size, we simulated BER performance of OPA and EPA
considering higher modulation schemes in Figures 5.4, 5.5, and 5.6. The cooperative schemes are

now simulated with 16-PSK and 16-QAM while the benchmark schemes are simulated with QPSK
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Figure 5.10 Performance results for VA with £ =30dB
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With higher modulations OPA still outperforms EPA by 2.8dB when relay is close to destination.
The performance improvement observed when relay is close to destination and 16-QAM modulation
used, is comparable to Alamouti scheme. This indicated the degradation in performance when
compared to same scenario in APA. Similarly, to APA, the performance of 16-QAM is slightly better
than 16-PSK
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Chapter 6

Conclusions

Cascaded Rayleigh fading is a realistic channel model for vehicular environments. Realizing the
sparseness on this particular channel model, this thesis has analyzed and optimized the performance
of APA and VA cooperative schemes over cascaded Rayleigh channel. The main summary and main

findings of this thesis are reported below

In Chapter 2, we presented our system transmission model. We have provided a detailed
description of our channel model under consideration. We followed it up with a comprehensive

analysis of our transmission model for single-relay cooperative scheme.

In Chapter 3, derivation of PEP expressions for each inter-vehicular scheme (APA &VA) was
presented. Through the derivation of PEP, we found that the asymptotical diversity order is two.
Although this is only partially extracted in practical SNR range due to the nature of underlying
cascaded Rayleigh fading.

In Chapter 4, we derived union bounds on BER. Based on the derived BER expressions, we
formulated power allocation problem and determined optimum power allocation values in the sense
of minimizing BER. Performance gains up to 3.2dB at a target BER of 10~ have been observed
depending upon the relay location and modulation scheme. Our results further demonstrated that OPA
provides significant performance improvement in particular for cases when relay is located close to

destination.

In Chapter 5, extensive Monte-Carlo simulation study of APA and VA cooperative schemes were
carried out. Our simulation results validated the power savings as predicted by OPA. In this chapter,
we further presented the performance comparisons of cooperative schemes and non-cooperative direct
transmissions. In general, we observed that the performance of M-PSK degrades as we move toward
higher order modulation. When considering higher modulation schemes, the performance of APA
approaches to MRC, using optimum values. Whereas, in VA the maximum performance

improvement is comparable to Alamouti scheme.
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