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ABSTRACT
RELAY SELECTION AND DISTRIBUTED CODE DESIGN FOR
COOPERATIVE COMMUNICATION SYSTEMS
ALKHAYYAT, AHMED
Ph.D., Department of Electronics and Communication Engineering
Supervisor: Assoc. Prof. Dr. Orhan GAZI

Dec. 2015, Page 124

Although multiple-input multiple-output (MIMO) systems increase the transmission
speed and the quality of the transmission significantly, small size of the mobile
communication equipment prevents the use MIMO systems on these devices. An
alternative solution to this problem is the employment of cooperative communication
systems via multiple intermediate relay nodes. Once intermediate nodes work
cooperatively, they form a virtual MIMO system. The destination receives multiple copies
of the information signals from the source and one or more relay nodes, and combines the

received signals to make use of the diversity.

Cooperative communication systems can be considered an alternative option for MIMO
systems. However, latency issue is one of the main drawbacks of cooperative
communication systems when compared to MIMO systems. The destination node should
wait for the arrival of all node signals. We propose a relay node selection method which
guarantees higher throughput, less latency, a full diversity order, better BER, and higher
spectral efficiency.

A multi-relay selection protocol for decentralized wireless networks is also proposed.
Using the proposed relay selection protocol, relay nodes within the coverage area of the

source and destination can be selected such that the relays are positioned one hop away



from the destination. In addition, it is ensured that the best node (best relays with less
distance and attenuation from the destination) access the channel first and the proposed
relays selection is collision free.

In addition, we consider minimizing spectral efficiency loss and BER of cooperative
communication systems. We propose a communication protocol which reduces the
spectral efficiency loss in cooperative communication systems. Best relay has maximum
link quality from source-relay and relay-destination links quality. The destination
indicates success or failure by broadcasting a single bit of feedback to the source and best
relay node. If the source-destination link quality is sufficiently high compared to source-
relay and relay-destination link quality, the feedback indicates success of the direct
transmission, and the relay does nothing. Otherwise, the feedback requests send by
destination indicates that the best relay node should retransmit what it received from the
source. In such a case, relay node does not always retransmit and this increases the

spectral efficiency in cooperative communication systems.

We finish this thesis by investigating the optimal power and code rate allocation for
cooperative communication systems. The optimal power allocation is done considering
the cases such that either the received data at relay includes errors or it does not contain
any error. On the other hand, the optimal code rate allocation is done considering the case
that received data at relay includes errors. We show that the system performance is better

compared to equal power and code rate allocation scenario.

Keywords: Cooperative Communication Systems, Relay Node Selection, Distributed

Code Cooperation, Optimal Power Allocation and Optimal Code Rate Allocation.
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KOOPERATIF iLETiSiM SiISTEMLERI iCiN ROLE DUGUMU SECIMIi VE
DAGINIK KOD TASARIMI

ALKHAYYAT, AHMED
Ph.D., Elektronik ve Haberlesme Miihendisligi
Danisman: Assoc. Prof. Dr. Orhan GAZI

Dec. 2015, Page 124

Cok girdili ¢ok ¢iktili iletisim sistemleri (MIMO) veri gonderme hizini oldukga
arttirmaktadir. Ama bu sistemlerin kullanilmast i¢in ¢oklu anten sistemlerine ihtiyag
vardir. Bu da bu sistemlerin kii¢lik boyuttaki kablosuz iletisim cihazlarinda kullanilmasini
siirlamaktadir. Bu sorunu ¢6zmek icin kooperatif iletisim sistemlerini MIMO sistemleri
yerine alternatif olarak kullanabiliriz. Kooperatif sistemlerde yer alan diiglim noktalar1
birlikte diisliniildiigiinde sanal bir MIMO sistemi olusturulabilir. Alic1 kaynaktan ve role
diiglimlerinden gelen sinyalleri harmanlayarak daha iyi sezimleme sonuglar1 verebilecek

birlesik sinyali elde eder.

Kooperatif iletisim sistemleri MIMO sistemleri i¢in bir alternatif olarak diisiiniilebilir.
Ancak, kooperatif sistemler iletisim gecikmesi sorunundan MIMO sistemlere gore daha
fazla etkilenmektedirler. Kooperatif sistemlerde varis diigiimii biitiin diger diigiimlerden
gelen sinyallerin ulagsmasi i¢in beklemelidir. Bu da iletisinde gecikmeye neden
olmaktadir. Bu tez ¢alismamizda iletisim gecikmelerini azaltmak i¢in yeni bir role segme
yontemi éneriyoruz. Onerilen yontem ile daha yiiksek verimlilik, daha iyi bit-hata-orani

ve daha i1yi spektrum verimliligi elde etmek miimkiindiir.

Vi



Bu tez calismasinda ayrica, merkezi olmayan kablosuz sebekeler i¢in ¢oklu rdle se¢imi
protokolii &nerilmistir. Onerilen yontem kullanilarak, kaynak ve varis diigiimii kapsama
alanina giren diiglimlerden varis diigiimiine bir sekme uzaklikta bulunan diigiimler
segilmektedir. Onerilen yontemle en iyi diigiimlerin kanali kullanmasi garanti edilmistir.

Ayrica dnerilen yontem ¢arpigma sorununa sahip degildir.

Ek olarak, kooperatif sistemlerdeki spektral verimlilik kaybim1 ve bit hata oranim
azaltmak icin yeni bir iletisim protokolii 6neriyoruz. Bunun igin en iyi diigiim noktasi
kaynak-role ve role-varis diigiimii baglantilarin1 goz ontine alarak belirlenmektedir. Eger
kaynak varig diiglimii baglanti kalitesi kaynak-rfle veya role-varis diigiimii baglanti
kalitesinden daha iyi ise geri besleme sinyali roleleri devre disi birakir. Diger durumda
secilen en iyi role iletisime katilir. Bu sekilde en iyi rdleyi gerektiginde kullanarak

spektral verimliligi arttirmis oluyoruz.

Son olarak tez ¢alismamizda kooperatif iletisim sistemleri i¢in en uygun gii¢ ve oran
paylastirma konusunu inceliyoruz. En iy1 gii¢c paylasimi rolelerin aldig1 verinin hata igerip
icermedigi géz Oniline alinarak yapilmaktadir. En 1yi kod orani paylasimi da rélelerin
hatali veri alma durumlar1 géz oniine almarak yapilmaktadir. Onerilen yontemlerle daha

iyi performans gosteren kooperatif iletisim sistemleri elde edilmistir.

Anahtar Kelimeler: Kooperatif iletisim sistemleri, réle digiim sec¢imi, daginik kod

isbirlikleri, en 1yi gli¢ paylagimi, en 1yi oran paylagimu.
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CHAPTER 1
INTRODUCTION

1.1. Motivation and Background to Wireless Communication

In recent years, a large number of wireless applications which require high data
rate and high transmission quality have been introduced in order to meet the tremendously
increasing demand in wireless communications. Given very limited network resources
and a crowded wireless frequency spectrum shared by an increasing number of operators
and services, the three fundamental design issues in digital wireless communication
systems, namely capacity, coverage area, power allocation, channel fading and
interference, have become more intertwined. This problem can be readily faced in any
incumbent cellular mobile networks as well as in other recently emerging networks such
as wireless ad-hoc networks and wireless sensor networks [1].

Channel fading is major problem of digital wireless communication systems. The wireless
channel contains objects and particles which scatter the transmitted signal. These scattered
signals follow different paths with different lengths and arrive in the receiver with phase
lags and create interference. These scatterers introduce a variety of impairments in the
wireless channel such as fading, delay spread and attenuation. This results in severe
attenuation of the signal, referred to as deep fade. This instantaneous of the signal-to-
noise ratio decrease results in error bursts which significantly degrade the performance.
Fading can be classified as long term fading (large scale fading) and short term fading
(small scale fading). Long term fading is due to shadowing and the relative distance
between the source and destination. It is also referred to as path loss. Short term fading is
due to the multipath propagation of the transmitted signal due to reflections from various
objects. When the delay differences between the multipath components are small as
compared to the symbol interval, these components can add constructively or



destructively at the receiver depending upon the carrier frequency and delay differences.
Multipath fading can be controlled by techniques like channel coding and diversity.
Channel coding is a technique to correct the transmission errors over a noisy channel. In
channel coding redundancy is introduced at the transmitter and utilized at the receiver for
error correction. Channel coding is effective in correcting independent random symbols.
However when the fading is correlated, channel coding is not an effective technique, in
this scenario interleaving is used. In this method, at the transmitter, the coded signals are
first interleaved to reduce the effect of correlation. Interleaving is effective in combating
the correlated fading at the cost of increased delay and extra hardware.

Alternative ideas of combating multipath fading attracted researchers attention recently,
and different approaches were suggested to alleviate the negative effects of multipath
fading. An immediate thought to combat multipath fading is to employ redundancy by
sending the signal on another channel independent from the original channel, as the
chance of two independent channels simultaneously in deep fades is lower than that of
one channel in a deep fade. In this way, the additional channel can be regarded as
providing more diversity to the radio communication. Diversity has been considered a
powerful technique to combat fading and increase reliability. Diversity can be obtained
through coding and interleaving, where information is dispersed into different coherence
periods, different coherence bandwidth, and sufficiently spaced antennas [2-3]. In another
words, there are three basic diversity techniques: (1) time diversity: multiple copies of the
same signal are transmitted at different time instants, (2) frequency diversity: the signal
is transmitted using several frequency channels, and (3) space diversity: the signal is
transmitted over several different propagation paths. Spatial diversity is particularly
attractive since it provides diversity gain without using additional time or bandwidth

resources [4].

One way to exploit spatial diversity is through the use of multi-antenna or multi-input
multi-output (MIMO) technologies, where both of the transmitter and receiver can be
installed with more than one antenna. Fig. 1 shows a MIMO example where two antennas
are used at the transmitter and receiver. The MIMO technologies include precoding

(multi-layer beamforming), diversity coding (space-time coding), and spatial



multiplexing. And these technologies either increase throughput (multiplexing gain) or
increase reliability (diversity gain) with the same amount of power without using extra
scare spectral resources. This performance improvement originates from the increased
ability to combat wireless channel variation, i.e. fading, by using multiple transmitting-
receiving antenna pairs, where each antenna pair provides a possible statistically
independent channel at the same carrier frequency and time. In addition achieving
statistical independence requires that the separation distance between antennas employed
at transmitter and receiver should be least a few carrier wavelengths. Furthermore, multi-
antenna technologies typically require relatively intensive computation, especially in

decoding complicated space-time block codes (STBCSs).

' ) h11 ' )
E’}}q_:--h;.["-":‘;} |
Transmit h13 f..:":,,h Receive
ﬂ,}}g______ﬂ;___it,. ﬂ"ﬂ
~— —

Figure 1: Centralized MIMO system.
Hence, multi-antenna technologies are usually used only at base stations. Owing to the
size constraint and limited processing power, small-sized mobile terminal devices seldom
use multiple antennas, or usually use no more than two antennas. Another way to exploit
spatial diversity is through cooperative communication system systems, or cooperative
diversity systems [5-6] which can utilize spatially separated antennas as an array to
provide spatial diversity and help in combatting the negative effects of fading. The basic
idea of cooperative communication system is to allow single antenna devices to share
their antennas in such a way that they form a “virtual antenna array” to gain a similar
benefit of MIMO. The key idea in cooperative communication system resides in the
broadcast nature of wireless channels. As shown in Fig. 2, when the source transmits to
the destination, a relay node within the transmission range can receive the signal and can

be a potential auxiliary node that assists in forwarding the signal to the destination.



Cooperative communication systems provide the benefit of energy efficiency, extended
coverage, and increased connectivity. The Third Generation Partnership Project’s (3GPP)
Long Term Evolution-Advanced (LTE-Advanced) has developed a new standard that
uses relay nodes in mobile broadband access, resulting in coverage extension [7] in a cost-

effective way.

Direct Transmission
(Time Slot 1)

Relay Transmission

Direct Transmission (Time Slot 2)

(Time Slot 1)

Fig. 2: Cooperative communication system scenario.

Cooperative communication system poses many challenges to communication system
designers. To enable cooperative diversity techniques to operate on low-cost small sized
devices, the limited processing capability of cooperative relay nodes requires algorithms
that do not involve intense computation. Because the antennas are spatially distributed on
different mobile devices, many challenges can arise, such as timing, bandwidth efficiency,
delay, best relay node selection, and imperfect information recovery at the relay nodes.

Beyond the diversity capability to mitigate the fading effects, relaying transmission can
also reduce the propagation attenuation which increases the capacity and/or coverage of
the networks. However, to exploit those advantages, various design problems concerning
wireless cooperative networks need be addressed. The works presented in this thesis focus
on several of these issues, namely the best relay node selection, delay reduction,
bandwidth loss reduction, bit error rate reduction and power control/allocation problem.

Although multiple relays can offer higher diversity gains, large number of retransmissions
is usually prohibitive due to limited radio resources. To this end, a best relay node

selection algorithm is introduced to limit the retransmissions to one or multiple best



relays, and then allow the best relay node(s) to participate in cooperation rather than
inferior relay nodes.

In cooperative communication systems such as time slots accessing based, the source
transmits to the relay node(s) and destination, the relay node(s) re-transmits the received
data from the source to destination, and such a scenario requires more transmission time
slots which increase the latency in communication systems. For this reason in this thesis
work we tried to propose some relay selection approaches which can reduce the latency
In cooperative communication.

Bandwidth efficiency loss is another major drawbacks of cooperative communication
systems. In subchannel accessing based communication, for the transmission of a single
symbol using cooperative systems, two subchannel accessing are required compared to
non-cooperative systems. Since relays operate in half-duplex mode and they cannot
receive and transmit at the same time. Therefore, two subchannels (or transmission
phases) are needed to complete each transmission from the source to the destination. In
such a case the bandwidth efficiency is reduced. In this thesis work we also focus on
reducing the bandwidth efficiency loss in cooperative communication systems relying on
direct transmission. In a conventional wireless networks, power control is one of the main
methods to improve the quality of the signal reception, thus increasing the coverage and/or
reduce the bit error rate of the overall network. This also represents a potential venue to

offer a significant improvement on the quality of transmissions in many situations.

1.2.0rganization of the Thesis Work

In this thesis, we develop and analyze a cross-layer basis for utilizing the cooperative
communication system paradigm in wireless networks. The ultimate goal of our research
is to develop new relay deployment and selection schemes across the network layers that
can increase the bandwidth efficiency, reduce the required time for cooperation, maximize
the diversity order, maintain a given network to be connected as long as possible, reduces
the bit error rate, reduces the outage probability, and mitigate the effect of channel fading.
In the following, we present the main contributions of each chapter. The contribution of

this thesis can be summarized as follows:



Chapter 2, We provide background information about cooperative communication
systems in Chapter-2.

Chapter 3, Multi-Relays Selection for Decentralized Cooperative Wireless
Networks: In this Chapter, we proposed a multi-relay selection protocol for
decentralized wireless networks. The proposed relays selection protocol aim to
address three issues: 1) selecting relays within the coverage area of the source and
destination to ensure that the relays are positioned one hop away from the
destination; 2) ensuring the best node (best relays with less distance and
attenuation from the destination) access the channel first; and 3) ensuring that the
proposed relays selection is collision free. Our analysis also considers three
Important characteristics of decentralized wireless networks that are directly
affected by cooperation: delay, connectivity and throughput. The focus of this
Chapter is to demonstrate that improving connectivity and increasing number of
relays reduce the throughput of cooperative decentralized wireless networks;
consequently, a trade-off equation has been derived.

Chapter 4, Relay Selection Deployments: Bandwidth Efficiency, Diversity Order
and Outage Probability improvement in Cooperative communication Systems:
Cooperative communication systems, which make use of the intermediate relays
between the transmitter and the receiver, have been employed as an effective
technique to combat the channel fading and to enhance the system performance.
Cooperative systems have some drawbacks such as high latency and decreased
low spectral efficiency. To alleviate the negative effects of these factors, relay
selection criteria is employed in cooperative communication systems to increase
overall spectral efficiency and decrease latency. Relay selection in the cooperative
systems enables the source to cooperate with the single relay node rather than
multiple relay nodes which reduce the overall spectral efficiency. To prestige the
benefit of cooperation, an efficient relay selection method is needed. In this
Chapter, we propose a novel relay selection method, maximum link source-relay-

destination (ML-SRD) method, for wireless communication systems. The design



goal of ML-SRD is to improve the spectral efficiency, bit error rate and outage

probability of cooperative wireless communication systems.

Chapter 5, Joint Next Hop/Relay Nodes Selection for Distributive Multi-hop
Cooperative Networks: Cooperative networks, which use adjacent nodes to relay
the hearing data, are employed as an effective technique to deal with the channel
fading to enhance the performance of communication networks. It is critical to
select the optimal next-hop node toward destination between source and next-hop
(or) destination. Offering next-hop and relay node selection in distributive multi-
hop cooperative networks can improve the system performance. In this Chapter,
we propose a joint next-hop and relay node selection protocol, namely JNRS, for
wireless distributive multi-hop cooperative networks. The goal of JNRS is reduce
the spectral efficiency loss and outage probability. Analysis results show that
JNRS can enhance the cooperative networks performance under general

conditions comparing to cooperative network without JNRS protocol.

Chapter 6, Enhancing the Performance of Distributed Convolutional Codes
through Resource Allocation: Approximate expressions for pairwise error
probabilities are derived for the distributed convolutional coded schemes used in
cooperative communication systems. The optimal power allocation is used during
transmission paying attention to whether the received data at the relay contain
error or not. If the received data at the relay is error free, it is re-transmitted to
destination, otherwise it is not transmitted. Further, based on the approximate
expressions of the pairwise error probabilities, we proposed an optimum code rate
allocation approach provided that the distributed convolutional code scheme is
used in cooperative communication system. Optimum power and the code rate
allocations have been studied considering different source-to-relay and relay-to-
destination channels qualities. Finally, we show that with the proposed optimal
power and the code rate allocation approach the system performance is better
when compared to the systems with equal power (EPA) and equal rate allocation
(ECRA) schemes



CHAPTER 2

BACKGROUND ON THE COOPERATIVE COMMUNICATION SYSTEMS

2.1. Multihops Relaying Cooperative communication system

The conventional and simplest form of cooperation is multihops relaying, in which
data is delivered to its destination through relay nodes forming a multihops path. The
main characteristics of ad hoc networks are self-configuration and autonomous
operation without relying on any infrastructure. The promise of ad hoc networks has
been that as the term ad hoc proposes their self-organization feature will allow them
to adapt to a wide spectrum of applications and network conditions and will reduce the
cost for configuration and maintenance. One of the main focuses of research on ad hoc
networks has been mobility and dynamic topologies. Besides the uncertainty of link
qualities due to wireless fading, nodes can join and leave a network and the topology
of the network changes over time. Although the success of ad hoc networks in the
commercial domain has been somewhat limited, some new classes of networks
emerged, such as community mesh networks and sensor networks that share some of
the characteristics of ad hoc networks. Research on wireless sensor networks is mainly
driven by the advances in low-power RF and microelectronics, which enabled large
scale deployment of small-size and low-cost sensors. In addition to sensing units,
Sensors are equipped with transceivers and they can form networks to transmit their
measurements. Wireless sensor networks are expected to and a wide range of
applications such as security, habitat monitoring, and remote diagnostics and patient
care. Typically, a low-cost sensor is constrained to work and last with limited energy
resources. This limits the computation and communication capabilities of wireless
sensor nodes.
Conventionally, infrastructure based networks follow a single hop cellular
architecture, in which users and the base stations communicate directly. The main
challenge in today's wireless broadband networks is to support high rate data
8



communication with continuous coverage at a reduced cost. Despite decades of
research in wireless communication, and significant advances in signal processing and
multi-antenna architectures, these demands are not fully met. The scarcity of wireless
spectrum encouraged the allocation of high frequency bands, where power attenuation
with distance is more severe. This factor significantly decreases the coverage of a base
station. Fast decay of power with distance suggests that both the capacity and the
coverage of networks can be improved by increasing the density of base stations.
However, this trivial solution sometimes called deploying microcells adds to the
already high infrastructure and deployment costs. As a result, we face a situation in
which the wireless systems can achieve any two, but not all three, of high capacity,
high coverage and low cost [7]. Integrating cooperative communication system to
cellular networks and forming hybrid networks emerged as a pragmatic solution to
mitigate this problem. Although wireless relays use additional radio resources, they
have lower cost compared to base stations since they do not require a high capacity
wired connection to the backbone. In the final cost analysis, wireless relays can be a
more viable solution than microcells to increase the coverage and to distribute the
capacity uniformly with the coverage of a base station. Multihops relaying is already
part of the standards currently being developed for wireless broadband systems such
as 802.16j and 802.16m, which is an indication of growing consensus on the

effectiveness of cooperative communication systems.

2.2. Cooperative Diversity Systems

Cooperative communication system refers to the sharing of resources and the
realization of distributed protocols among multiple nodes in a network. It is an active
research area with promising developments. Cooperation among peer nodes have been
considered in [8-10]. Since the 1990's, proliferation of highly capable mobile devices
brought the attention back into peer cooperation and wireless ad hoc networks.

In cooperative diversity within ad hoc networks, nodes can cooperate with each other
to provide spatial diversity gain at the destination. In this case, at any given time, any
node can be a source, relay, next hop, or destination. The function of the relay node is
to assist in the transmission of the source information to the destination node. To
ensure diversity gain, these relays are chosen in such a way that their links to the

destination are independent from that of the source.



In cooperative communication due to the broadcast nature of wireless medium, most
transmissions can be heard by multiple intermediate nodes in the network with no
additional transmission power and bandwidth. Deferent nodes have independent
channel fading statistics to a given destination node and the destination can listen,
store, and then combine signals from different nodes.

One of the first studies that introduced the concept of cooperative diversity is by
Sendonaris et al [5]. In this paper, an uplink scenario is considered, in which two users
cooperate by relaying data to each other. After showing the potential of cooperation in
enlarging the achievable rate region of the two users, the authors demonstrated that
cooperation can improve other measures such as outage capacity, error probability and
coverage. The first practical cooperative relaying protocols have been proposed by
Laneman et al. in [11]. In this seminal paper, the authors identified different classes of
cooperative diversity protocols such as fixed protocols, in which the relay node always
retransmits, selective protocols, in which the relay node retransmits only when it
decodes reliably, and incremental protocols, in which the relay node retransmits only
when the direct transmission fails. In a network exploiting cooperative diversity, every
node can potentially be considered to be connected to all the other nodes. However,
hardware and resource constraints do not allow all the links be used for delivering a
given packet and certain connectivity graphs can be more viable than the others.
Reference [12] derives the maximum end-to-end diversity orders achievable for any

given connectivity graph.

2.2.1. Introductions to Relaying Schemes

Relaying protocols can be classified into two according to the processing at the relay:
Analog Processing Relaying (APR) and Digital Processing Relaying (DPR). APR can
be implemented in a very primitive way in which the relay node functions as an active
reflector, these protocols are also referred as amplify-and-forward (AF) relaying
protocols in the literature [11]. In DPR, the relay node regenerates a noise-free version
of original signal based on its processing types. If the resource and performance
constraints such as relay energy and latency permit, digital relays can also decode
and re-encode the received data. These protocols are also referred to as decode-and-
forward (DF) relaying protocols in the literature [13].

10



APR and DPR experience different limitations in practice. In DPR, for example, if the
relay is required to first demodulate and detect the received signal, and then modulate
and retransmit the regenerated signal. These operations potentially require more
processing and causes more latency than simple APR. In its basic form, APR does not
require any of these.

However, if implemented blindly, APR can generate constant interference to the rest
of the network. Using analog relays as regular network nodes controlled by certain
Medium Access Control (MAC) and Radio Resource Management (RRM) protocols
requires analog relaying to be implemented digitally. In this case, the relay is required
to store analog samples, possibly after quantization.

SER performance of APR deteriorates at low SNR since relays amplify both the noise
and the information bearing parts of the received signal. In the presence of distance
dependent attenuation only, DPR performs significantly better than AR [14]. However,
if the source to relay link is good (relay can decode the received data that was
transmitted by the source correctly), then the performance of DPR is better than APR,
otherwise, the performance of APR is better than DPR [11]. In this thesis, the DPR

protocol is considered.

2.3. Relay Selection Schemes in Cooperative communication systems

In cooperative diversity systems, retransmissions can decrease the effective rate while
increasing the reliability. Hence, it is important to evaluate their performance in terms
of diversity-multiplexing trade-off. The half-duplexity constraint requires the use of
orthogonal channels for transmission and reception. For instance, the relay can use
different time slots to receive and transmit. In the first time slot the source node
transmits and the next relay node receives. In the second time slot, relay node transmits
the processed signal to the destination. With this scheme, relaying can be easily
integrated to wireless networks using time-division multiple access. As the number of
relay nodes increases, the number of time slots allocated for delivering data from the
source to the destination increases. In such a case, the spectral efficiency reduces (high
multiplexing gain loss). In [11] the outage capacity and diversity-multiplexing trade-
off achieved by various schemes are analyzed. When multiple relay nodes are used
according to the time division protocol described, the multiplexing loss (bandwidth

efficiency loss) becomes very high.
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One of the trivial solution is that the relay nodes can operate in full-duplex or half-
duplex modes. In full-duplex mode the relay can transmit and receive at the same time
on the same frequency band. To implement full-duplex operation, in principle, the
relay can cancel its self- interference from the received signal. However, in practice
using low cost radios this approach may not be robust. Thus, in the near future relay
nodes are expected to operate in half-duplex mode only.

One way of overcoming this loss is through distributed space-time coding [15]. In
distributed space-time protocols all the relay nodes that decode the source information
transmit different columns of a space-time code matrix simultaneously, i.e., the
protocol takes place in two time slots instead of L+1 (L is number of relay nodes that
had participated in cooperation). These schemes can potentially achieve a better
diversity-multiplexing trade-off than repetition based schemes. In [16], the authors
propose a distributed space time coding scheme that does not require decoding at relay
nodes. Relay nodes implement distributed linear dispersion codes, which requires only
linear operations at each relay. A similar scheme for the specific case of two relay
nodes implementing Alamouti coding is studied in [17].

More sophisticated protocols that reduce the multiplexing loss by allowing dynamic
time slots were proposed to improve diversity-multiplexing trade-off [18-20].
Although cooperative diversity system is a technique that can induce spatial diversity
in the absence of multiple antennas, its benefits can be combined with those of multiple
antennas.

Another method to reduce the multiplexing loss is relay node selection. Instead of
retransmitting the data from all the relay nodes, only a small number of relay nodes
can be selected based on their channel quality to the source and the destination. Such
schemes are proposed in [21-23].

Incremental redundancy scheme is a good method to reduce the multiplexing loss for
APR and DPR cooperative diversity was considered in [11], where the authors
proposed a protocol which reduces the spectral efficiency loss in wireless cooperative
networks. The destination indicates success or failure by broadcasting a single bit of
feedback to the source and relay. If the source-destination signal-to-noise ratio is
sufficiently high, the feedback indicates success of the direct transmission, and the
relay does nothing. If the source-destination signal-to-noise ratio is not sufficiently
high for successful direct transmission, the feedback requests that the relay should

retransmit what it received from the source.
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Joint techniques can be considered to reduce the multiplexing loss, for instance the
incremental redundancy and relay selection protocols can be used together. Instead of
retransmission from multiple relays, a single selected relay when the destination sends
negative acknowledgment, which indicates the failure of direct transmission, can be

used. Such protocols are proposed in [24].

2.4. Channel and Signal-to-Noise Ratio Formulation

In this section, the DPR is analyzed from the channel and signal-to-noise ratio
perspective. Two classes of DPR are considered here, first decode-and-forward (DF)
and second is distributed code scheme (DCS). In what follow, we indicate the source,
kth relay node, and destination nodes by S, Rk and D, respectively, as well as, we
indicate the direct transmission mode (i.e., non-cooperative mode) and cooperative

communication system mode by DTM and CTM, respectively.
2.4.1. Decode-and-Forward Protocol

The decode-and-forward protocol is implemented in two modes and can be described
in [24]. In the broadcasting mode (BC), the source broadcasts its information, which
is received by both the relay and destination. The received signals at the destination
and the relay can be written as
ysr, = V' B (dsr,) " hsr, T+ Nsr,
(2.1)
ysp = /Py (dsp) ™ hsp  + nsp

(2.2)
where B, is the source transmitted power in BC mode, x is the transmitted information

symbol with unit energy, and 7sr, with 7sp are additive noise terms. Also, hgsp and
hsg, are the source-destination and source-relay channel coefficients, respectively,
dsp and dsg, are the distances between S and Ry to destination, respectively; A is the
path-loss exponent that vary from 2 to 6 [25]. If the relay decodes the received symbol
correctly, it forwards the decoded symbol to the destination in the MAC mode,
otherwise it remains idle. The received symbol at the destination from the relay is
written as

Yr.D = V Prme (deD)_)\ hr.p T +Nr,.D
(2.3)
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where Pp.c is the relay transmitted power in the MAC mode and the total power
transmitted , i.e., DTM is Ppora =B+ Poe; dg,p and & are the distance and
modulated signal transmitted from the R to the D, respectively. kg, p are the relay to

destination channel coefficients. The destination applies maximal-ratio combining

(MRC) [27] on the received signals from the source and the relays.
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Figure 3: Decode-and- forward diagram.

The instantaneous signal-to-noise ratio (SNR) denoted by v for DTM is given as:

P,
Yorm = —M (dsp) ™ hsp

N,
(2.4)
However, when the cooperation is employed, the instantaneous SNR of BC mode at D
IS given as:
P,
Mo = ]\;;(dSD) *hsp
(2.5)
In the sequel, the instantaneous SNR of MAC mode at D is given as [24]:
L
Pmc
Yme = T(deD)A
k=1 = ¢
(2.6)
Therefore, the total received -y of the at D uses MRC, it is given as [24]:
Yorm = dSD A4 Z mc deD
(2.7)
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2.4.2. Distributed Coded Cooperation

In the earlier decode-and-forward protocols, source distributed the code book, and [26]
the source data is encoded in two partitions. In the first time slot, the source transmits
the first partition. Then, the relay decodes the data based on the first partition. If its
decoding is reliable, it obtains the second partition and transmits it to destination in the

second time slot.
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Figure 4:. Distributed convolutional code diagram.

The destination decodes the data based on both the first partition received from the
source and the second partition received from the relay, thereby obtains additional
coding gain in addition to the diversity gain. In this thesis, we consider distributed
convolutional code protocol (DCC) as an approach of DPR. DCC work in two modes:
broadcasting (BC) mode followed by medium access control (MAC) mode. Where, in
the BC mode, the S broadcast the first frame (FF) with half redundant bits Ny to the
Ry, and D. Therefore, the received signals at the R and at the D are given as:
YSR, = \/m (dsr,) ™" hsr, T + Nsr,
(2.8)

ysp = VRy By (dsp)™ hsp  + nsp
(2.9)
where Ry and P, are the coding rate and power transmitted in the BC mode,

respectively, dsp and dsg, are the distances between S and Ry to destination,; A is
the pathloss exponent that vary between 2 to 6 [17], xand ngg, With ngp are the
modulated signal and the complex white noise with zero mean and unit variance from
the S to the Rk and from the S to the D, respectively. In the MAC mode, if the Rk
decode the received FF correctly (the FF that was transmitted by the S in BC mode),
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then it is re-encoded the FF with half redundant bits named as Ny and it is
retransmitted the encoded SF to the D, (i.e., Noram = Ny + Nine, Nprir is the total
redundant bits of DTM). Where, in the MAC mode the received signals at the D is
given as:

Yr.D = V Rne Prne (drop) ™ hrop & + MRy

(2.10)
where Ry, and P, are the coding rate and power transmitted in the MAC mode,

respectively, where the total power transmitted or the DTM power is Pori = By + Proe
and dg, p and T are the distance and modulated signal transmitted from the Ry to the
D, respectively.

Therefore the instantaneous signal-to-noise ratio for DTM is given as:

Porm s
d
N (dsp)

Yorm = Rpram dprv

(2.11)
in which Rpry and dpr v are coding rate and the Hamming distance between received

and transmitted signal of the DTM, respectively. Where Hamming distance is measure
the code capability of correction, i.e. if the d is high, the capability of correction is high
at destination, otherwise is low. In our analysis, we interested in coding gain which is
given by multiplying the Hamming distance by code rate, i.e., Rpru dpry. However,

when the cooperation employed, the instantaneous SNR of BC mode at D is given as:

B
Yo = Ry dbﬁl;(dSD)_/\
2.12)

where I, and d; are coding rate and the Hamming distance between received and
transmitted signal of the BC mode, respectively. In the sequel, the instantaneous -y of

MAC mode at D is given as:

L P
Yme = Z Rfmc dmc%(deD)/\
k=1 °

(2.13)
Where R and dn. are code rate and the Hamming distance between received and

transmitted signal of the MAC mode, respectively, where, dpry = dy + dpe and

Rprv = (R, ' + R;1)~L Therefore, the total received SNR at D is given as:

b,

Pmc
No

N (drop)

L
Yorm = Rydy~-=(dsp) ™ + Y Rine e
k=1

(2.14)
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CHAPTER 3

MULTI-RELAYS SELECTION FOR DECENTRALIZED COOPERATIVE
WIRELESS NETWORKS

3.1 Motivation and Background

Despite the advantages of multiple antennas, it is not practical to use multiple
antennas for a mobile set because of the size and cost of handsets used in decentralized
wireless networks (ad hoc) or cellular networks. A solution to this problem is to
employ cooperative communication (CC) systems where the source sets multiple
antennas virtually, e.g., the source broadcasts the data to the neighbour nodes (relays)
and to the destination, then the relays retransmits the received data to the destination,
and the destination combines all the received data from the source and relays.

Two categories of cooperation have been considered in the literature: multi-hop
cooperation protocol (MCP) [27] and load distributed cooperation protocol (LDCP),
[28-30]. In MCP, the source identifies nodes near to itself and near to the destination,
and these nodes are denoted as relays. When the source locates such relays, it transmits
the data to the relay, and the relay retransmits the data to the destination. The use of
relay in MCP is to avoid the signal attenuation associated with direct transmission, i.e.,
source destination transmission. In coded distribution protocol, the source divides the
redundant bits into two parts instead of transmitting the full redundant bits to the
destination; the first part is transmitted by the source to the destination and relays, and
the second part is transmitted by the relays to the destination. The key difference
between MCP and LDCP is that in MCP, the destination receives the data transmitted
by the source through the nodes along a single path merely; on the other hand, in LDCP
the destination receives the data from the source and relays. In fact, the LDCP is

associated with a longer delay than MCP, consequently, decreased throughput;
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however, LDCP associated with high diversity gain compared to MCP. In this paper,
we have considered distributed code protocol as an example of LDCP.

The advantages of LDCP are improved detection, better connectivity, and reduced bit
error rate, while its disadvantages include delay, synchronisation difficulties and rate
reduction. LDCP enhances connectivity by improving the received signal-to-noise
ratio through combining the received data from the source and multiple relays using
maximal ratio combing (MRC). This can increase the coverage area of the source and
size of the prohibited area (more nodes share single time slots); on the other side, the
delay increases because of the forwarded data to the relays. Therefore, the throughput
Is sacrificed because of the delay and connectivity enhancement.

Cooperative communication in decentralized wireless networks (DWN) or
infrastructure-less networks require re-design in their protocols, or plan new protocols
to use cooperative communication efficiently. One of the efficient protocols that can
improve the LDCP is the relay selection protocol, if LDCP is employed and nodes are
selected randomly, the communication systems show better performance compared to
systems that not use LDCP. Hence, optimal relays selection becomes a critical issue
for the performance of cooperative communication systems. Some of the recent works
on optimal relay selection have been done in [30-31], and [24], and the effect of delays
in cooperative communication systems have been studied in [33-34]. In the DWN, the
LDCP has a negative effect on throughput because of delays and connectivity
enhancement. Delay and throughput trade-off is in [35], and the trade-off between
throughput and connectivity is considered in [36]. Most of the previous works on
LDCP based on the backoff time function used to select the best relay did not address
several issues [34-37]. These issues are: 1) although the delay is reduced to enhance
the throughput, they neglected the connectivity criteria. 2) The protocols usually
employ single relay selection. 3) The protocols consider the relays always within the
source and destination coverage area. 4) The protocols employ the network coding to
enhance the throughput which burden the destination to separate received frames.

To address the above missing issues such as the best relays selection, delay,
connectivity and throughput all together, we propose a new cooperative medium
access (CMAC) protocol to be used in cooperative communication systems. The
contributions of this work are summarised as follows: 1) We propose a backoff time
function (BTF), in such the best relays have smaller backoff time and bad relays have

a larger backoff time. 2) A CMAC protocol is suggested that reduces the delay and
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prevents extra negotiation via RTS/CTS packets and it is collision free. 3) Our
proposed protocol can be used multi-relay selection. 4) We analysed the connectivity
when LDCP is employed in terms of the linking probability and node’s degree. 5) The
throughput when LDCP is employed is analysed. We also demonstrated that
throughput decreases as the delay increases which results in better connectivity and
consequently a trade-off exists.
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Figure 5: A scenario of communication and relay nodes location
3.2. Proposed Cooperative MAC Protocol

The function of a cooperative MAC protocol is to choice the best relays with good
channel qualities. However, classical methods do not consider source to relay channel
qualities. Since, if the relays decode the received frame correctly they can participate
in the cooperation, otherwise they keep silent. In this section, we propose a new CMAC
protocol involving IEEE802.11 distributed coordination function (DCF) with
CSMA/CA - RTS/CTS [38-39]. In this Chapter, we address several potential problems
associated with cooperation to obtain improved performance:
1. Relay node location or relay region (RR) selection, see Fig. 5. It is important
to select relays that can do direct transmission to the destination rather than
choosing relays that are two hops away from the destination. Simply, we select

only relays that fall within the relay region of both the source and destination.
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Selecting relays one hop from the destination can prevent extra delays caused
by multiple hops (two or more), i.e., if the time required to transmits data from
over single hop relay is T, then the time required to transmit the data over two
hop relay is 2T [40].

2. Channel access schemes: In DWN, controlling access of relays if of significant
importance. Two issues are important to propose a good channel access
scheme: (a) The relays must be selected rapidly to prevent delay. (b) The relays
with the best channel quality to the destination must access the channel first
before relays of inferior quality to ensure superior performance.

3. Collision free: LDCP inherently increases the delay in the DWN; thus, we must
re-design the MAC protocol to prevent collisions between relays in order to

reduce the delay.

3.2.1. Relay Location Selection

To prevent relays that are two hops away from the destination to participate in the
cooperation, we must select the relay region so that only nodes within the RR can
participate in the cooperation. In fact, relays are positioned two hops away from
destination can increase the delay. The proposed protocol is based on CSMA/CA and
RTS/CTS. In this protocol, when the source has frame to transmit to the destination, if
the medium is ideal for the DIFS (DCF inter-frame space) time, the source transmits
Request-To-Send (RTS) packet to the destination. If the destination is not busy and
receives the RTS correctly, it waits for the short inter-frame space (SIFS) time and

transmits back the Clear-To-Send packet (CTS) to the source.

Figure 6: RR selection steps based on the RTS/CTS packets of the proposed

protocol.
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Then relay region is selected as follows: after destination receives the RTS packet,
nodes within the source range set their timer to 2SIFS; during the 2SIFS time, the
destination transmit CTS packet. The nodes within the S range that hear CTS can
participate in cooperation otherwise nodes that do not receive a CTS packet do not
participate in the cooperation. As shown in Fig. 6, only nodes within the relay region
can receive RTS/CTS packets, identifying them as one hop away from the destination.
It is clear that relay is done before the source transmission that we call proactive

selection protocol.
3.2.2. Backoff Time Evaluation of the Best Relays

In this subsection, we investigate the best relay selection protocol based on BTF (BTF
is time calculated at each relay, and when it expired, relay access the channel and
retransmit what received from the source to destination) to ensure that the best relays
access the channel first. The BTF is decided as follows. After successful handshaking,
in which RTS/CTS packets are received correctly, the source broadcasts the first frame
with coding rate R, to all nodes within the relayed region. Only the relays that decode
the received frame correctly re-encodes it with coding rate R,... After encoding
operation contention is initiated. In order to ensure that only the relays with the best
channel quality toward to the destination accesses the channel first, we proposed BTF
that decreases according to distance and received power quality from the relays to
destination. In fact, the reason behind the BTF is to 1) prevent the relays from using
the RTS/CTS packets to access the channel, where the RTS/CTS packets cause extra
delay and throughput reduction, 2) make a best relays access the channel first and fast.
The BTF mathematically is expressed as:

-1
Ty, = QRGW (j;—: + (1 - %) )‘ +SIFS>
4 Thr
(3.1)

where T, is the BTF calculated in each relays inside relay regionand k= 1,2,......,L, L
is the number of relays, RCW is the relay contention window size, di p is the
instantaneous normalized distance between k" relay and the destination, drs, is the
normalized threshold distance between the R, and D, Sgy,.. IS the threshold of the

received signal power, s,.. r, = (d..p)~> IS the normalized received signal power at
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k" relay from the destination which is characterized by large scale fading models [41].
The relays can estimate the received power and distance to destination through the
received CTS packet [37].
The backoff time of the relay whose signal level is greater than a threshold and its
distance to the destination is shortest one starts decreasing the first. For instance if
RCW =10 x (SIFS =10 ps), drpr =1, dip=025  dop=09, Spmpr-=1 and
Shee1 = 0.0625, Sgec.2 = 0.81 With X = 3, we can calculate 77 =116 ps and Th = 469 ps.
Hence, the relay node with T has less backoff time to access the channel compared to
the relay with backoff time 7. In fact, the BTF employs three parameters; the distances
from the R, to D indicated as dj, p, received power from the destination at relays
indicated as S,.. g, and relay contention windows indicated as RCW. The d;, p and
S,c.r, depend on the location of the relays from the destination and on the pathloss
exponents A, respectively, however, RCW is modifiable. The BTF is proportional
directly to the RCW size. Then a question arises automatically? What can be the best
RCW size? The differences between small and large RCW can be outlined as follows:
1. Let RCW be equal to 100 us and assume that there are two relays with slight
differences in distance to the destination, i.e., d; p = 0.2 and d» » = 0.3; then
we can calculate 7y =130 pus, and T, =142 us;  furthermore,
Trnaz = ROW x 4.6 + (SIFS = 10) = 470 ps and T;,,;,, = RCW x 1.2 +10 =130 us
. Tynaz OCCUFS At dypaz.p = 0.9 and T, OCCUTS at dy p = 0.2.
2. Let RCW be equal to 300 us, and assume that the relays have equal distances
to the destination, then we can calculate 7 =370 us and T, = 406 ps; and
Traw = ROW x 4.6 =1390 ps and Ty, = ROW x 1.2 = 370 ps.
Let define the time gap parameter as T, = Tx — Tix4+1 Which is nothing but the
difference between two BTFs. It is clear that if T, is very small which also means that
RCW is small, the collision may occur if two relays have approximately same
distances toward to destination (not equal) due to propagation and control packet time.
And if the T, is large it means that RC'W is large, since T}, is proportional to RCW size
the collision may not occur even when the two relays have approximately the same
distances towards to destination. Where, T, is proportional directly to RCW size,
Hence, the suitable T, size leads to the suitable RCW size. T, is given as:
Ty =T, —Tpna for Ty —Tiy1 > Tpro + 1y
(3.2)
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where T} is the first expired BTF, T4, is the subsequent expired BTF, Tp,, is
propagation delay and it is equal to, T, which is the time due to the control packet
transmission, it is explained in the next section, and it equals to 114 us. Therefore, we
should set RCW to a value such that the time gap given in (3.2) is available, in other
words, if two relays with a slight difference in distances from the destination and we
use a small RCW, relays will have a slight difference in their BTF; in such case
collision may occur because of the propagation delay and control packet time, see Fig.
3b and Fig. 3c. However, if RCW is set to a large value, in this case the BTF is large,
and the far relays can be selected and this makes BTF larger, in such a case unnecessary
delays may happen, consequently throughput is reduced. Therefore, choosing
appropriate RCW size requires a trade-off between collision occurrence and

unnecessary delay.
3.2.3. Relays Contention and Re-Calculation BTF of Rk+1

When more than two relays participate in the cooperation, two relays may have the
same backoff time, and collision may occur. Collisions cannot be prevented in the
DWN, but we can ensure that collisions occur between control packet (Cp) rather than
between data packets (Dp). Since retransmission of Dy requires more time than Cp and
the control packet is designed with few number of bits. The time difference for the

retransmission of data and the control packet is given as:

Do Si
Retrans. of collided data ~ DIFS + % + SIFS

TRetransmission = O Si
Retrans. of collided Control Packet ~ PTZZQ + SIFS

(3.3)
We can describe relay contention as follows. After successful handshaking, the source
broadcasts the first frame (FF) with half-redundant bits IV, to the destination and relays.
Only nodes within the relay region that decode the received FF correctly participate in
cooperation and re-encode the second frame (SF) with half redundant bits »,,.. Before
the relays start retransmitting to the destination, they calculate their BTF given in (3.1)
according to the available channel parameters from the R, to the D. Then according
to their BTFs relays broadcast their Cp. In this case, two possible situations are

considered: 1) No collision occurs among relays control packets. This means that BTF
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of each relay is different, i.e., ) <75 < T3 < Ty........... < Ty; or 2) Collision may occur
at least between two relays, this means that BTF of these two relays expires at the
same time, i.e., two relays have the same channel parameters toward to destination.
The relays wait for SIFS: if the destination does reply with 1 bit digit, it means that
either the best relay is already chosen, i.e., it already received the acknowledgement
bit or collision did not occurred. Otherwise the collision did occurred. In fact, the

collided relays are discarded from the cooperation.

18 bits 16 bits 48 bits 32 bits

BTF Duration Packet Duration Receiver Address CRC

Fig. 7: Control packet (Cp) structure of the proposed protocol.

T Cp
Ry, > lime
>
T; Cp
Ry Fitl » lime
Fig. 8: Collision scenario.
T Cp
Ry, » time
T, " T "] Cp

Rk+1 g Cp P > tzme

Fig. 9: Collision avoided scenario

Now let describe re-calculation BTF of R, as follow: If the collision occurred or not,
the R.1 re-calculate their BTF. Where, R,.1 decode the received Cp, and it read the
BTF duration field (see Fig. 7). Then, the relays reduce their backoff time by

subtracting 7 from T4 (i.e., T;. —T3). However, we must maintain the gap

24



between the two relays (gap delay is caused by propagation and control packet send
by best relay, see Fig. 9) that is given as T, = Tp + T¢,. Finally, the updated BTF at
Ry+1 1S given as:
Tk 1upaure = i1 — Tk +1Tp + 1y

(3.4)
3.3. Cooperative Medium Access Delay
Delay is the time required for a frame to reach the destination after transmission from
the source, medium access delay is the time required for successful transmission and
reception after including the contention. Cooperative medium access delay is the time
required for the successful transmission and reception of the transmitted frame from
both source and the relays. In this Chapter, we consider two situations for delay
calculation: The delay for the successful transmission of the packets through source-
relays-destination path and the delay when collision occurs among control packets (we
don’t have collided data).

3.3.1. Collision and Collision-Free of the Proposed Protocol

First we consider collision free case. If the source has data to transmit, it senses the
channel, if the channel is free, it backoff DIFS, then transmits the RTS to the
destination. The destination waits for SIFS then transmit back the CTS packet; after
RTS/CTS packets are correctly received, the source broadcasts the FF with half
redundant bits. Hence, the total time required to access and broadcast the FF in

cooperative transmission mode (CTM) by the source is given as:

Ty = DIFS +Trps +Tors +2 SIFS 4Ty,

(3.5)
where T,., Trrs and Tcrs are the time required to transmit the FF from the source to
the destination, time required to transmit RTS packet from the source to the
destination, and time required to transmit CTS packet from the destination to the
source, respectively . After receiving the FF at relays, relays start calculating their BTF
according (3.1); then, the relay BTF’s expired first, it transmits the Cp; then the
destination waits for SIFS, and it broadcasts back 1 bit digit as an acknowledgment of

received Cp from the first relay correctly. R, and Ry received 1 bit digit. R, transmits
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a SF with half redundant bits to the destination. The time required for a transmission
of the SF in the MAC mode is given as:

Tner =T +Top + SIFS + Ty, .

(3.6)

in which 7,,., is the total time required for R, the to access the channel and transmit

the SF; 77 is the first expired BTF given by (3.1); T¢, is the time required for Cp packet

to be transmit from the relay to the destination; and 7, . is the time required to

transmit SF from the R, to the destination. Where, the next relays have BTF greater
than 73 (i.e., T1 <To < T3 < Theeeeee. < Ty ). For the next relays, we do not need Cp
packet; relays only need to calculate their BTF as well as to the 7,. Therefore, the

required time for the next relays is given as:

Tmc,k-l—l = (L — 1) SIFS + Zﬁd (Tk+l i Tl) + Zé:l Ty

mC,Rk+1

+Te, +Tp 4+ Tack

3.7)
The second term (7} — 711 ) is BTF of the next relays; we write it in such form to reduce
the delay that will occur when the next relay has a BTF much larger than the first BTF,

Lo s is time required to transmit SF from R, to the destination, and 74 ¢k iS time

required for the acknowledgment packet of the whole CTM. Therefore, the total time
required for the transmission of the data from the source to the destination over DCCP
without collision is found by adding (3.5), (3.6) and (3.7) together, and it is given as:
Tiotne = Tty + Tinet + Tine k41

(3.8)
If the collision take-place, then in the BC mode it is occur between RTS/CTS packets,
therefore, the time required for transmission of the FF to the destination is given as:

Ty e = DIFS + 2T prg + 2L ops +4STFS + Ty

(3.9)
We assumed maximum two best relays may have collision (two BTF expired together);
the collision take place between two Cp packets, therefore, the time required of
transmission the SF in the MAC mode is given as:

Tre1e=2T1+2T0, +2S5IFS+Tdy g,
(3.10)

Then, the total time required for the transmission of the data from the source to the

destination over DCCP under collision assumption is given as:
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T;fot,c = Tb,c + Tmc,l,c + Tmc,k—l—l
(3.11)
The indexes in (3.8) and (3.11) are no collision (nc) and collision (c), respectively.

3.4. Connectivity via Cooperation Scheme

The definition of connectivity is the measure of the possibility of links between

neighbouring nodes in their vicinity, in other word, it measures the ability of nodes to
be connected under specific conditions. Connectivity is an important issue in DWN
because it is may have isolated nodes that could lead to disconnected nodes or clusters.
From a ~ perspective, two nodes are connected (linked together) if the ~ is greater
than the threshold value; from the graph theory perspective, connectivity measures the
possibility of isolated nodes (node outside their groups) or isolated clusters (isolated

groups). In this paper, we consider linking probability.

3.4.1. Linking Probability

Linking probability is the probability of links between two nodes under specific
conditions. The linking probability has been defined in detail in [42-43]; where the
previous work considered a shadowing channel model; in this paper, the channel
model is large scale fading (i.e. distance and pathloss exponent). If the signal-to-noise
ratio of the DTM decreases or begins to approach the threshold value, the linking
probability decreases or become zero. For a given ~,,,, and ~.,. in dB,
communication between two nodes is possible when vprar > Yrnre In this work, we
assume that P (vpras > vrnee) = 1. However, the definition of the linking probability
in the CTM is indicated as the probability that ~..,.,, of the cooperation is greater than

or equal to ~,,,-,,. Therefore, the linking probability of the CTM is given as:

1 o0 1 2
P, (verm 2 vorm) = Py (Yerm /Yorm > 0) = / exp |~ (t _ ’YCTM> di
2mo Jo 20 YDTM

1 o0 1 Yorm ?
> = ~52 (I~
P, (verm = Yorm) o /0 exrp [ 202 (t ’)/DTM> ] .
(3.12)
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This yields

B (Yerm = ypru) = 0.5 ll —erf (wCTM\;;DTM))],

(3.13)
Then, we substitute (2.7) into (3.13), then the linking probability of CTM is given as:

P
P, (’YCﬂ > 0) =0.5 [1 —erf (0.7071 ((Rb dbﬁb(dSD)_A).

YDTM

L
X <H R dmc%(deD)_)\> — YprMm
k=1 °

(3.14)
3.4.2. Number of Neighbor Nodes
The number of neighbour of the nodes are the number of nodes within the coverage
area of a node and called the node degree (p). If the node does not have nodes within
its coverage area, the node is isolated from the network. In this paper, we are interested
in calculating the node degree of random nodes distribution over service area which is

given as [42]:
27

PDTM = W P (vyprar > Yrnre) A8 = 20wP (Yprasr > Yrhre)s
0

(3.15)
in which . is the node density within a whole area and w = (n/4), where n is the number
of nodes within the service area and A is the service area size (in meters). Then, the

node degree due to the CTM is given as:

perm = 27w (P (Yprar > Yrwre) + P (Yorm > Vo))
= 27w (1 4+ P (Yerm > Yprm))

(3.16)
in which ,5,,, and -5, are node degree of DTM and CTM, respectively. Therefore,
the cooperation increases the coverage area of the source (see Fig. 10) because the
cooperation increase the detection capability of destination that it come from
combining multiple signals at destination through using MRC ,and this result
increasing in node degree of the source.

The question need to be answer, how increasing node degree reduce the throughput,
the answer come from the MAC protocol contention based opinion, where, the
coverage area share single time slot and the nodes within the coverage area are assume

to be circularly access the channel, therefore, the time slot (throughput) divided by
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number of the nodes within the coverage area, hence increases the node’s degree lead
to throughput reduction. It is also clear that, if ~-;,;, =~ then the

P (verm > vprm) = 0.

Source region

(DTM)

Additional region as a
result of CTM

Fig. 10: The additional region as a result of CTM (extra coverage area

gained for the source).
3.5. Throughput Analysis
For convenience and to facilitate comprehension, we consider a throughput analysis

of the DWN based on an analytical model given in [44]. The throughput (H) is given
as:

H— Tprm Worm
perm Trorm E(h)

(3.17)
in which o, IS the node degree of the CTM; Tih7, IS the time required to transmit
a frame to the destination over DTM which is given in (3.5), T;.cra = T, + Toras 1S the
total time required for transmission frame over CTM ant it is include Teras and 7,
are the time required for transmission over CTM and overhead time, respectively.
Where, either the Teras indicate t0 Tyt OF 10 Titne, Weram 1S the upper bound on
reliable data transmission (Shannon capacity), and £(x) is the expected number of
hops, in this work, £(»n) = 1. Note that the variables with index CTM is affected by the
cooperation of the DCCP. Where, Shannon capacity of DCCP is given as [26]:

By _ L Frne _
Werm = (2 Bpr) logs <Rb dbﬁo(dSD) A > Rine dchO(deD) ’\>

(3.18)
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in which Bpryy is the bandwidth of DTM; generally, the coding scheme reduce the
bandwidth efficiency by coding rate ratio Rprar = (Npras/ke), in which Npray is the
number of bits out of the encoder, and k. is the number of inputs bits to the encoder,
where N > k¢, and Rpra IS the coding rate, e.g., if the coding rate is 1/4, then the
bandwidth efficiency reduced by 1/4; therefore, the bandwidth efficiency of CTM is
double compare to DTM because the DCCP divide the redundant bit by 2 over the
source and relays which result higher coding rate, Rcrar =1/2. The bandwidth
efficiency of DCCP is given as (N/2kc)Bera = (N/ke)Bpru, @S reSult, Borar =2Bpr.

Finally, we can rewrite (24) as:

h Prne _
Tprm (2 Bpra) loga (Rb dbﬁb(dSD)_’\ + 301 Rine dch(deD) ’\>
" Tiorm E(R)(DIFS + Trrs + Tors + 2 SIFS + Tyg) L (27w (1+ P (Yora > Ypra)))
(3.19)

It is clear that, the throughput of the DTM may or may not improve because of the

H

relays always repeating what was transmitted by the source and increasing node’s
degree of the source, accordingly we can draw theorem of throughput relation to delay

and connectivity.

Theorem: For the proposed relays selection protocol with 7 > 1 and the DCCP
employed for random nodes distribution over service area, the achievable throughput
is given as:

1 =0 (FmenD)

(3.20)
Theorem is provide the throughput for CTM, it is proved that the throughput of the
cooperation proportional inversely to the delay and node’s degree. In which, ~(L),
T(L) and pcrar(L) are the signal to noise ratio, total time to transmit data from the
source to destination over DTM and node degree, respectively. Where, O(.) is the big

O notation.
3.6. Performance and Results

In this section, we evaluate the performance of the proposed CMAC protocol via an

analytical model. The evaluation is divided into three parts; the first part considers the
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proposed CMAC protocol from a delay perspective; the second part considers
connectivity when the DCCP is employed; and finally, the third part considers
throughput performance as a function of increasing delay and connectivity. Evaluation
parameters and setting given in table 1.

Fig. 11: illustrate the BTF variation with distance from the relays to the destination
and different RCW size. In fact, as distance from the relays to destination increases,
the BTF increase as well, that is lead to deferral the relays far away from the destination
and accelerate the nearest relay to the destination to access the channel. Furthermore,
we can see the BTF is less delay compared to the conventional CSMA/CA with
RTS/CTS packets. Therefore, if d; p = 0.5, BTF uses RTS/CTS packets is 2000 us, and
RCWs are 300,500 and 750 s, accordingly, the BTF of different RCWs are 500, 800, and
1125 pis, respectively; hence the achieved delays reduction by the our proposed protocol
compared to BTF used RTS/CTS packets are 300%, 150% and 77.7%. It is clear, the
delay reduction is less for larger RCW and high for smaller RCW.

Fig. 12: illustrate the SF transmission from the relays to destination using the proposed
BTF, in other word, it show MAC mode transmission time. It is clear that the
transmission of the SF over proposed BTF with and without collision for L =1 has
less delay compared to the conventional CSMA/CA with RTS/CTS packets.
Furthermore, if the two relays participate in the cooperation, then we have too much
delay compared to single relay participating in cooperation. In fact, at d; p = 0.5, the
times required to transmit SF using our proposed protocol are 2.5ms and 2.7 ms for
L =1and L =1 with collision, respectively, and the time required to transmit SF using
RTS/CTS packets is 3ms, as result, the achieved delays reduction using our proposed
protocol are 16.66% and 11%. We conclude that, the time required to transmit SF using
our proposed protocol compared to conventional RTS/CTS packets is less even when
occurred.

Fig. 13: illustrate the total time required for transmission of the FF and SF over BTF
using L =1 and L = 2. Where, if the number of relays increase the delay increases as
well.

Fig. 14: illustrate the incremental ratio comparison to power-to-noise ratio (P/N,). The
incremental ratio is the ratio between node’s degrees of CTM to the node degree of the
DTM. As shown, based on the results, the connectivity increased using different

number of relays, consequently, the incremental ratio increases as well. Increasing
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number of relays can increase the connectivity since signal to noise ratio increased at
destination which can improve the detection capability and connectively.
Fig. 15: illustrate a comparison of the throughput of the proposed relay selection
protocol, traditional CSMA/CA with RTS/CTS packets and number of relays. The
important issues are apparent in figure 8:

1. If the number of the relays increase, the throughput reduces.

2. The proposed relay selection protocol can achieve better throughput compared

to traditional CSMA/CA with RTS/CTS packets.
3. Increasing number of relay can reduce the throughput compared to single relay.
4. The throughput of the DTM is better at high /N, compared to CTM.

In fact, at P/N, =15 dB the throughput of DTM is larger compared to our proposed
protocol because the delay and node degree increased. On other hand, the throughput
is larger of our proposed protocol for P/N, less than 15dB compared to DTM. In
addition, the throughput of CTM reduced by ratio 1/(pcra = 12) = 0.08 while DTM
throughput reduced by ratio 1/(ppra = 8) = 0.125. The achieved throughput of our
proposed protocol is 78%, for L =1, P/N, = 15dB and collision free case compared to

conventional RTS/CTS packets.

Table 1: Evaluation Parameters and Settings

SIES, DIES, Teors, Tack: Trrs 10, 50, 304, 304, 352 (us)
RCW 300, 500, 750 (us)
R, Transmission Rate 1 Mbps
T, (overhead time) for IEEEDb [14], T'p,.(propagation time) 364, bus
Dp Size 2000 bits
T 114 ps
Borv, Bandwidth 1 MHz
(P/N,) 0 to25dB
dSD: de,D 1, 02 to 09
A, Path loss exponent 3
Lmjn: Lmax 1, 3
Rpmwvs domw [21] 1/4, 13
Rba dba Rmca dine 1/2, 7, 1/2, 6
n, Number of Nodes 21
A, Service area 10000 m?>
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Fig. 11: Comparison of the BTF and distance from the relays to destination for L =1
relay, RCW = 300, 500, 750 ,.s with traditional CSMA/CA with RTS/CTS packets.
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Fig. 12. Comparison of required time to transmit SF using proposed protocol.
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—+—DTM with L = 1, FF and SF transmission by proposed BTF
—#— DTM with L = 2, FF and SF transmission by proposed BTF
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Fig. 13: Comparison of required time to transmit SF using proposed protocol and

transmission over traditional CSMA/CS with RTS/CTS packets, comparison of

required time to transmit FF and SF; for L =1,2 relays, RCW =300 ,.s and X = 3.
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Fig. 14. Comparison of the incremental ratio with p/n, for L =1, 2, 3 relays, x =3,

Ropru = 1/4 and dprw = 13.
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Fig. 15. Comparison of the throughput of the DTM and CTM for the L = 1, 2 relays,

porm = 8, porm = 12, RCW = 300 us, di,p =05 and A= 3.
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CHAPTER 4

RELAY SELECTION DEPLOYMENTS: BANDWIDTH EFFICIENCY,
DIVERSITY ORDER AND OUTAGE PROBABILITY IMPROVEMENT IN
COOPERATIVE COMMUNICATION SYSTEM SYSTEMS

4.1. Motivation and Background

Cooperative networks (CNs), which exploit a number of intermediate nodes (see Fig.
5) for the relaying of data to the destination, show better performance in terms of bit
error rate, connectivity, and robustness. The improved performance of the cooperative
networks motivated researchers to focus on the problems appearing in those systems
and designing more efficient cooperative systems. The fact behind the improved
performance of cooperative networks lies on the achieved diversity gain which is
obtained at the destination by combining different signals coming from different relays
and source.

In order to achieve the diversity gain through a cooperation, the data are broadcasted
by the source to the relays and destination (exploiting the broadcast nature of the
wireless medium in CNs).The data received by the relays are treated in two different
approaches. In the first approach the received data at the nodes are processed and re-
transmitted. In the second approach the received data are directly retransmitted without
any more processing. The treatment of the data at the relays may include estimation,
demodulation, decoding, re-encoding, etc.

For some communication systems it may be more feasible to get the data from relays
only [27], [31] and [46] since there may not be a line of sight between source and
destination or the distance between source and destination can be large which results
in very low-powered of the directly received signals at the destination. On the other
hand, for some cases it may be advantageous to combine the signals received from

relays and source directly [47], [28],[29] and [30]. Although cooperative networks
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have some fundamental benefits compared to non-cooperative systems, by the use of
relays during communication can be increased the diversity gain, on other hand
relaying the data and the signal processing at the relays produce some negative
drawbacks such as reduced spectral efficiency (spatial multiplexing gain) [48],
increased delay during communication and increased hardware complexity.

Since retransmission of the data from the relays to the destination reduces the spectral
efficiency, researchers focused on developing some techniques to alleviate the spectral
efficiency loss. The use of space time codes in a distributed manner in cooperatives
systems is studied in [15-16]. Since use of space times codes require the utilization of
multiple antennas, it is not practical for small devices. Relays perform full duplex
communication, i.e., relays can receive and transmit simultaneously [49] Dynamic
allocation of the time slots is studied in [20], some best relay selection protocols are
proposed in [22] and [50], relay selection is a simple and efficient way to achieve
spectral efficiency as well as diversity gain.

The best relay selection (BRS) can be divided into two categories: the reactive BRS
[34] and [51-52], and proactive BRS [53-55]. In reactive BRS protocols relay selection
operation is performed after source broadcasting whereas in proactive BRS protocols
the selection process is completed before source broadcasting. The disadvantage of
proactive BRS protocols is a low spectral efficiency, since re-transmission is
performed by relay nodes even if the direct transmission between source and
destination is sufficient. Hence, it is critical to design an efficient and reactive BRS
protocol to achieve better spectral efficiency.

Incremental redundancy protocol for AF and DF cooperative diversity was considered
in [11], where the author proposed protocol which reduces the spectral efficiency loss
in wireless cooperative networks. The destination indicates success or failure by
broadcasting a single bit of feedback to the source and relay. If the source-destination
signal-to-noise ratio is sufficiently high, the feedback indicates success of the direct
transmission, and the relay does nothing. If the source-destination signal-to-noise ratio
is not sufficiently high for successful direct transmission, the feedback requests that
the relay to retransmit what it received from the source.

Relay selection for DF cooperative diversity was considered in [24], the author
proposed relay selection based on the maximum harmonic mean of the links between
source-relay (S — R) and relay-destination (R — D). Harmonic mean mathematically

can be define as (20, 0,q/0sr +0rq), Which o, o, are variance of S— r and R— D
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links, respectively .In addition to relay selection, the author considered incremental
redundancy protocol which reduce the spectral efficiency loss. The proposed protocol
in [24] has the following drawbacks: 1) the harmonic mean combine the smooth of
S — rand R — D links, which it balances the strength of two links, and it is overlooked
the weak link by strength link. In other word, the harmonic mean make the
randomization due to fading of s — R and R — D links become less noticeable because
it is combine the random variable of s — R and R — D links in single random variable
2) The position of the relays considering source and destination points is not paid
attention. This may cause the selection of some relays outside the range of either the
source or the destination nodes and this may result in performance loss.

We propose a reactive relay selection protocol that choses a maximum links quality
(ML) from the source (S) to relay (R) then to destination (D), namely (MLSRD), which
address the above problems. The contributions of this paper are summarized as
follows:

1. We propose a MLSRD selection protocol that chooses the maximum s — r and
R — D links which increases the system performance of cooperative network in
terms of spectral efficiency, and bit-error-rate performance. Where the
selection protocol that bases on choosing maximum s — R and R — D links
independently or separately make randomization due to fading of s — r and
R— D links much noticeable, which can increase the system performance.
However, The relaying decision based on the criteria of maximum s — R and
R — D, where if maximum s — R and R — D links less than s — R link, the relay
participate in communication, otherwise the relay keep silent.

2. The received data at the relays are decoded and re-encoded partially before re-
transmission. The decoding and re-encoding partially is an approach of
distributed cooperative code [22], in which the code distributed between the
source and relays. We analyzed distributed cooperative code side by side to the
relay selection which wasn’t studied in the literature to the best of authors’
knowledge.

3. We reveal the proposed protocol can improve spectral efficiency (SE), the
probability of error (Pr(e)) which is bit error probability, outage probability (
Pr(Out)) Of cooperative networks compared to the previous works [24], [26]

and to the classical cooperation mode.
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In this chapter, the direct transmission mode is a non-cooperative transmission and it
Is indicated as (DTM), the classical cooperation mode is a cooperation without any
process at relay and it is indicated as (CCM), the distributed convolutional code is a
cooperation mode with process at relay (decode and re-encode at relay before
retransmission) and it is indicated as (DCC), the classical cooperation mode with uses
the proposed relay selection protocol is indicated as MLSRD-CCM, and the distributed
convolutional code with uses the proposed relay selection protocol is indicated as
MLSRD-DCC.

4.2. The Proposed Relay Selection Protocol

In this section, the MLSRD is described in detail. The DCC under consideration may
be summarized as follows, the source broadcasts the data to the relays and destination
with redundant bits ~, , the relays decode the received data correctly, and re-encoded
with half redundant bits n,,, otherwise the relay keeps silent. In the MAC mode, the
relays retransmit encoded data to the destination. Moreover, if more than one relay
decodes the received data correctly, it retransmits the data to the destination. The
destination combines all received signals that received from the source (BC mode
signals) and the relays (MAC mode signals) via maximal ratio combining (MRC). All
the relays that can participate in cooperation are assumed to be inside the forward
region as shown in Fig. 1, in other word, the nodes between the source and the
destination.
Technically, if the | relays participate in cooperation, then +1 time slots or sub-
channels required to transmit single symbol of the data from the source to the
destination. Therefore, the spectral efficiency of the CCM is (1/L + 1), i.e., if the spectral
efficiency of DTM is denoted as SEpry, then the spectral efficiency of CCM is
SEcom = (SEpra/ (L + 1)).
The proposed MLSRD protocol is reassemble to the ARQ protocol, if the destination
transmits a negative ACK to the source indicating the failure reception, the source
retransmit the lost data; our case, if the direct transmission fails to deliver the data to
the destination correctly, the relay retransmit what it received from the source to the
destination, and destination combines the received data using MRC. The MLSRD
protocol in this paper can be summarized as follow; 1) the destination admit a direct
transmission data’s, if the link quality of S — D greater than the links quality of s — R
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and R - D, 2) the best relay do retransmission if the link quality of s — Dless than the
links quality of the s — R and R — D. Where, the basic idea behind a selection protocol
is selecting a best single relay among multiple relays to cooperate with the source to
obtain superior performance.

The criteria (or event) which indicates the sufficiency of the directly received data at

the destination is given as

lb = lgq > A Imax-
(4.1)

Let »; ; be a common channel coefficient representing the channel between any given
two nodes. h;; IS modeled as zero-mean complex Gaussian random variables with
variance o, ;. Thus, the channel gain |r; ;| is modeled a Rayleigh random variable.

Furthermore, the channel gain squared |h, ;|* is modeled as an exponential random
variable with parameter (o7 ; /dfj), which the dfd distance between i and j nodes, j is the

attenuation factor; ) is threshold value. In what follows, = (jhe(2, [hal2), Which |hg|?
and |h.4)> are exponential random variable with parameter (¢2./d2) and (02,/d”)
respectively.

The  Lpee = maz{li, L, ... I};}, Iy =maz((02, /d. ), (Ufkd/dfkd)), In  which
k=1,2,...,L is the number of the relays. Based on the event given in (4.1), the
proposed MLSRD protocol can be described as follows; after the source broadcasting
the data to the destination and relays. In the MAC mode, the destination checks the
criteriagivenin (4.1), and if the criteria I, > A I.q, IS Satisfied the destination resolves
the transmitted data and transmits positive ACK, otherwise the destination transmits
negative ACK. In the latter case the best relay node re-transmits its decoded re-
encoded data. The destination is assumed has knowledge of the links quality of the

S — R and R - D of all relays that fall within the relay region.
4.2.1. Spectral Efficiency of the Proposed Relay Selection

In this section, the average spectral efficiency of the MLSRD-CCM protocol has been

derived. Which shown that the spectral efficiency improved via the proposed relay

selection compared to CCM. As follow, the average spectral efficiency is given as [24]
SE = Pr(1) + 0.5 Pr(Yccum)-

(4.2)
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In which » and oy are the event of DTM and CCM, respectively, Pr(y) is the
probability of DTM, 0.5 Pr(vycca) is the probability of CCM, the 0.5 due to half duplex
mode. The direct transmission occurs if the criteria in (4.1) is satisfied. The probability
of direct transmission is given as
Pr(v) :== Pr(Iyq > X nas | Isa),
(4.3)
Pr(.) is the conditional cumulative distribution function CDF. The unconditional

cumulative distribution function is given as

Pr(lsd > )\Imaa;) - / PTImam (Isd/)‘) pISd(Isd)dIsd~ fOT Imax 2 0
0

(4.4)
in which p(.) is the probability density function. In MLSRD protocol, the best relays
selection bases on the maximum links of the s — R and R — D which are represented
as exponential random variables. Hence, the cumulative distribution functions and the
probability density function of the maximum two independent exponential random
variables are given as [24]

Pri,.,.[I)=1—exp(—(n+7)),

(4.5)

_ aPlr‘]maa: (‘[)

Plpas () = ol = (m +y2)exp (= (1 + 1))

(4.6)
inwhich 4, = (d5/02,) for | h, |2 and v, = (d°,/02,) for| h,, |2 are exponential random

variables parameters .Substitute (4.5) in (4.4), we rewrite (4.4) as

I o Lag (d2  d°, d°, d?,
Pr|=2> Iw)=1— S s —I, —2 ) dl,,
" ( A ) /0 P < A <U§r * Ugd (Ogd) “rp a Ugd I

-1
L & (d° 1 (d° d°
P ~sa > Imaac =1 sd sd - sr rd )
" ( A ) (Ugd) <U§d " A (Ugr * C’?d
4.7

If more than single relay within relay region can participate in cooperation, i.e., L > 2

, therefore, we can rewrite (4.5) as
Pr (% > Ik) = Pr(Isg > My, ..., Isqg > N\})
= [T Pr (5 > L) = (1 —eap(=(n +2)D)"

(4.8)
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in which (1 —2)F =1+ Y% _ (£)(=1)™ 2", hence we rewrite (4.8) as

L 0o B8 B

La L ml,y (d°.  d°, d°

P Imax — _1 m _ ST T S
T(A> ) Z(m)( )/0 6"”’( X (azﬁazd o,

m=1 8T
(4.10)
for L = 1, the spectral efficiency of MLSRD-CCM is given as
SErp—1 = Pr(¢)+0.5 (1 — Pr(y)) =0.5(1 + Pr(vy))
(4.12)
-1
dog (o 1 (do g
SEp—1 =0.5 (2 — (de) <03d + 3 o2 + o2
(4.12)

Which is the spectral efficiency expression of MLSRD-CCM. However, if MLSRD-
DCC is used, the spectral efficiency is doubled, i.e., SEpcc = 2SEccn. Because the
code rate is distributed over the source and relay, therefore, the spectral efficiency
increased [26], [41]. According to (4.12) the spectral efficiency is low if the probability
of the cooperation high, and vice versa. The probability of cooperation depends on
three parameters; number of relays, s — R and R— D channel coefficients (the s — D
link is assumed to be fixed during the communication) and threshold value. The effects
of parameters on cooperative systems are explained as follows. If the number of relay
nodes increases the probability of cooperation increases as well. And as the number of

€619
1

relay nodes goes to infinity the probability of cooperation goes to “1”. Since as the
number of relay nodes increase, the probability that there exist a relay node satisfying
criteria (4.1) increases. The second parameter is the link variations from the source to
the relay and from the relay to the destination. Considering the link quality we can
consider the following scenarios:

Case(1) ifthe |hs,|* >> |heal” and |hyal” >> |heal®, then the probability of cooperation
is high.

Case(2) if the |h|> = |heal*> and |h.qa|* = |hsa|” , then the probability of cooperation

goes to zero.
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Case(3) if the |he > >> |hea” and |hpal® = |hsal® , OF |Bral® >> |hsal” and |he ) = [heal,
then the probability of cooperation are greater than Case (2) and less than Case (1).

The last parameter is the threshold value . which is a critical value and should be
determined properly for the good performance of the cooperative communication
system system. The initial value threshold parameter can be chosen asA ~ L/l
where Lo, =maz(ls, I4) If the initial value is used for the threshold then the
probability of cooperation depends on the channel coefficients |h.,|> and |h.q]> And if
the threshold value satisfy A << I;4/Iq: then the probability of cooperation reduces
even when |h,,|* >> |hsa|® and |hyq|® >> |hsq|®. Furthermore if the threshold value is
selected such that A >> I;4/I... , the probability of cooperation increases. For the
suitability, We assumed . as function of both links s — r and R - D, which we

define it as the square root of half harmonic mean of both links and it is given as:

A (0—37‘7 de) = \/(U.zragd)/(azr + Ugd) '

4.2.2. Achievable Diversity Order

In this section, it is shown the MLSRD-DCC protocol has diversity order is 2, in which
single relay has been chosen within relay region. The derivation of the achievable
diversity order is in the sense of pairwise error probability (PEP) since the cooperative
networks work on DCC. The relationship between bit error rate (BER) and pairwise
error probability (PEP) is given as [26] and [41]

C(d) d; P(d)

Pr(e) <
r€) S gl

(4.13)
in which ., k, 4, ¢(d) and P(d) are modulation order, number of information bits

before encoding, free hamming distance of the code, sum of bits error of error events
and pairwise error probability of coded system, respectively. The parameters of ,;, k,
4,, ¢(d) are contributing nothing in our analysis, therefore we assume P(d) > Pr(e).
General definition of the error probability between two nodes given as [56]

(M—1)m 9
Pr(e) - Q(\/kpskAbe |hi,j|2) < L /0 " exrp <— kpSkAbe |hw| ) do

T sin?(0)

(4.14)
In which the ks is (sin(m/M))/N,. The expression of error probability of a DCC consists

of two parts; 1) the source broadcasts the data to the destination and relays, but relay
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does not forward to destination the data that received from the source since the
destination send positive ACK to relay, 2) the destination receives the data from source
and relays since it send negative ACK to relay. Therefore, considering these cases, the

error probability of DCC is given as [26]

L
Pr(e)pcc = Q(\/kpsk APy |hal®) x HQ(\/kpsk APy |her )
k=1

- >

DTM, Termy)

L
Q(\/kpsk Abe |hsal|2 + kpsk: Aum |h’rkd|2) X H(]- - Q(\/kpsk Abe |hsrk|2)
k=1

. 7

DCC,Termy)

(4.15)

in which, (1 — Q(\/kpsk AvPy |k |?) is error-free of s — R link. The probability of error

of DCC can be upper bounded by removing the negative term and setting L =1, we
rewrite (4.15) as [26]

= APy |hea® [T ks AvPy |Rise|
DCC _ _/ exp psk b4 b sd / exp | — psk b b ST do do
sin?0 0 sin?%0

/

DTMH%rm(l)
1 W k sk Abpb |hsd|2 k sk Ampm |h’7”d|2
s _/ eap | — 22 L 4+ o do (4.16)
7 Jo sin260 sin20
DCC,};rm(g)

The error probability of MLSRD-DCC protocol is given as
Pr(e) = Pr(en«)U Pr(eNYpce)

= Pr(e| ¥)termy Pr(v) + Pr(e | ¥pec)term2) Pr(¥pcc)(4.17)
The first term of (4.17) is given as

P?”(G | w)Term(l) P’I“(d}) :/ P?”(G | w) Pr(@[) | Isd/)\) pIsd(]sd) dIsd d[sr
0
(4.18)
The Pr(e|v) is given in (4.16) as DTM-Term(1),

Pr(y | Ia/A) = (1 —exp(=(n +2)la/N)  andpr,,(La) = (Losa)exp(—La/oa),  we
rewrite (4.18) as

PT‘(@ | w)Term PT(,@Z})
M—-1)r 1)7r M—-1)r 1)7r

/ / / ( 2 kpsr Ap Py Isd> ( Lsq dfd)
—— exp | — — exp | ——=—2¢
o2, 51126 o2,
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1.
X exp (_ kpsk Abe Isr) (1 — exp (_%d(’}/l + 72))) df db dIsd dIsr (419)

Then (4.19) can be wupper bounded by setting sin?d=1 and

(M—1)7 (M—1)7m

fo ™ [y ™ dede = <<MT21>>2[58], [59], then we rewrite (4.19) as

P'f‘(e ‘ ¢)Term(1) P’l“('(/)) <

mo [ I,zd°
2 ETp <_ kpsk Abe Isd - d2 Sd> exrp (_ kpsk Abe Isr)
Osqa Jo Osd
Isd
X <1 — exp <_7(71 + 72))) dIsd dIsr (420)

Solving the integration of (4.20) with respect to /54, 1s- and substitute -, and -,; further,
SDL is assumed to be fixed during the cooperation, as follow we set 0, =1and d?, = 1
. We rewrite (4.20) as

Pr(e|¥) Pr(v))rem) <

m
(kpsk Abe + ]-)

0.2

- 1 (a8 P\
) (e ban g (G

(4.21)

(kpsk Abe

in which . is (M/(M—1)).

The second term of (4.17) is given as

Pr(e | ¥pce)temez) Pr(¥pec) = [Pr(e | Ypee) Pr(¥pec | I) pr(I) dI
I

(4.22)
in which I :=[Lg, I, I.q} Pr(¥eop | I) is the probability of the MLSRD-DCC

protocol and it is given as

. kpsk Ao Py | do
Pr(d)DCC | Isd7Isr7Ird) = Pr(Isd < /\Imam | I) = l—exp — == k 2b0 b + Zd )\Imax
sin o,
(4.23)

Pr(e | Ypce) is given in (4.16) as DDC-Term(2), pr(I) = p(Isq) p(Is) p(I4) ; We rewrite
(4.22) as

Pr(e | ¥pce))rerm@) Pr(¥pce <
(M-1)r

1 / / o (_kpsk APy Ly — kpse ApPr, Ird)
X = exp —
7 Ji Jo sin20

koo Ay P d°
x (1 —eap (‘ (T + f) ”maz))
sd
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X pIsd(Isd) Dr,, (Isr) pITd (Ifrd) d0 dIsd dIsr dIrd
(4.24)

Evaluate the integration with respect to /54 and we take into account the upper bound

assumption that is made on (4.20), we rewrite (4.24) as
P/r(e | wDCC)Term@)PT(wDCC) S m/ (kpsk Abe )_1 exrp (_kpsk Aum Ird)
T

(1 —exp (— (kpsk Ap Py + 1) Mpaz)) pr.,Lsr) P1,4(Ira) Al dlpg
(4.25)
in which , is M/(M—1); taking into account worst case state by substituting
Iy =K1ne;  and Li=kKlpe , where o—-,.-1 e, Prle=o1>
Pr(e)s=02 > ... > Pr(e)s=09 > Pr(e)x=1, then we rewrite (4.25) as
Pr(e | Ypec)term@)Pr(¥pec) <

m (kpsk Abe + ]-)_1 / exp (_kpsk Aum ’i[mam)p([mam) dImam

I’rnaz

—1 (ks ApPy + 1)_1 / exp (— (kpske AmPr &+ Nepsi Ay By + ) Lingz) dlmag

Im,n.:r:

(4.26)

Given a moment generating function of Iz , M, (.) [57], we can rewrite (4.26) as
Pr(e | ¥pcc) Pr(pcc) rem@ < m (kpss ApPy+1)7"

[M1,... (kpsk AmPm &) — Mi,,... (kpsk Am P + Akpsk Ay Py + X))

(4.27)

The Imae is constitute two random variables are I and Ir4, and the moment

generating function of two independent random variables is given as:
M,y (s,t) = My(s)M,(t), then we rewrite (4.27) as

Pr(e | ¥pcc) Pr(¥pee)rerm(z) < 1 (kpsk APy +1) 7"

_1 -1 -1 -1
o [(— +F(R) ( rd +F(Pb)> - (ﬂ +F<Pb,Pm)> (2= + rerrn)) ]
Osr2 Ord? Ord? O sr2

(4.28)

in - which w, = (502, +d5ho2)/ (02, % 0%)) , F(Pr) =kpek AnPr e and

F(By, Py) = (kpsk AmBPm &+ MNepsi Ay B, + A). Finally, total error probability of
MLSRD-DCC is obtained by adding the (4.21) and (4.28), it is given as

PT‘(G) <m (kpsk Abe + 1)_1
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—1
. 2\ . 1 (di  d)
(i an )" o (ronanne } (35
d e B
+wa (i-FF(Pb)) rd +F(Pb)
Osr2 Ord2

~ (& 1 F(p, Pm))_1 (& + F(B, Pm))_1> (4.29)

rd2

The definition of diversity is mean transmitting the symbol over two or more

independent paths to the destination; and the definition of diversity gain (diversity

order) is said as the power-to-noise ratio exponent of the error probability, i.e.,
P(e) = (PNR)® L is independent paths, the diversity order is given as [48]

log(Pr(e))

= ~limema e 300 (PIN,)

(4.30)
To obtain the diversity order, we rewrite the probability error as function of signal-to-

noise ratio, we can rewrite (4.30) as

dr 1 o9((per AP +1)7)
P/No—co log(P/N,)

-1
. . 0-?7« -1 .. 1 dgr df
—wﬁﬁJ”P(%*&HE? ‘mo*@*&ﬂ+i<ﬂ+’f

ST sr O0rd

dP 48
+ Wy (— + F(Pb)) rd L F(B)
Osr2 Orqd2

_ (d_fd + F(P, Pm)) <d—f’" +F (B, Pm)> _ ] [log(P/No) (4.31)

Orqdz2 Osr2

-1

It is clear that, the proposed MLSRD-DCC protocol has diversity order 2.

4.2.3. The Outage Probability Behavior

The outage probability Pr(out) is another standard for system performance evaluation;
it measures the probability of an event to be less than the threshold value. In this
section, we consider the probability of a given transmission rate
C(&85) = (1/2) loga(1 + |haal® 242) to be less than the threshold value , it is given as

[11]:
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1 AP, N,d°
Pr((§ loga(1 + |hsal” #) < R) = Pr(|hl” < (228 — 1) —==24)

o2 AP,
22k _ 1 N,d°
1 _ o%sd 4.32
o ( i ) @32)

The outage probability once the DCC employed is decomposed into two parts; 1) the
relay does not decode what was transmitted by the source with a probability of o s,
and the destination receives the source data only, 2) the relay decode what was
transmitted by the source with a probability of .5, and the destination receives the
data from the source and relay. As follow, the outage probability is given as [37]
Pr(out) < 0.5 Pr(outsq) Pr(outs) + 0.5 Pr(outsg) Pr(out,q)
(4.33)

in which, the complement of Pr(out,q) , Pr(out,.) and Pr(out,q) of DCC are given as

A= 22F 1 N,d’
Poutyy) = _ Z'0%sd ,
(outsa) = ezp ( U?d Ap Py

22k _ 1 N,dP
P tsr = - o y
(outs.) = exp ( T AR, )

o 22
(4.34)
Further, the outage probability once the MLSRD-DCC protocol employed, it is given
as
Pr(out) < 0.5 P(outsqs | ¥)P(v) + 0.5 P(outsqra | Yooc)P(¥poc)
(4.35)
in  which, Ploutsgs |9)P(¥) is the outage probability of DTM and
P(outqrq | ¥Ypoo)P(Upoc) is the outage probability of DCC. For simplicity, we have

taken a complement of Pr(out), therefore we rewrite (4.35) as

Pr(out) = P(outser | ¥)P(1) + Ploutsqra | Yoee)P(¥pec)

(4.36)

the unconditional P(outsq,s- | ¥)P(1)) IS given as

P(outsqs | )P(¢) = /OOO /OOO P(outsq) Plouts)P(Isq > Miae)p(Lsq)p(Ls)dIsqd g,

(4.38)
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Further, the unconditional P(outsq 4 | ¥pcc)P(pcce) IS given as

P(outsqra | Ypoc)P(¥pec) =

/ / Ploutag) Plowbg) P(Ig < Moae)p(Lt)p(Loa) Al gL
0 0

The integration with respect to 7,4 in the above expression is given as
> 2R 1 N, 22F — 1 N,d’
- - "o I,) dly = 0%sd

Hence (4.38) and (4.39) are given as
Poutsg e | ) P() =

2R 1N, d?\ [©° =——
L P Lsr P ]s > /\Imam Isr dIsr
ewp< i) [ PP > A5

Further,
P(outsgrg | Yoee)P(¥poc) =

228 _1IN,d%\ [ =——
L P(out,q) P(Isq < Mpmaz)p(Lra)dl,
emp< it ) [ Pt Pl < Mol

As follow the P(¥) and P(¢pcc) =1 - P(¢) are given as

dgr dfd
P(¢) = P(Imam < )\Isd) =1—exp| — + = Mooz

2
Ogr Ord

. df
P(¢DCC> = P<Imaz > )\Isd) =exrp| — —= + de )\Imaz

2
Osr Ord

Substituting (4.43) in (4.41), we rewrite (4.41) as
P(OUtsd,sr ’ ¢)P(¢) =

dé. d%)\ (2R —1)N,\ [
o 5 - A 11— - U)\Imaz Isr dIsr
cap ((0_ * o.) prvel  BRCEICRR I e

ST

Further, Substituting (4.44) in (4.42), we rewrite (48) as
P(outsqrq | Yoee)P(¥pee) =

(4.39)

(4.40)

(4.41)

(4.42)

(4.43)

(4.44)

(4.45)
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dﬁ dﬁ 00
N, (228 —1 sd rd / — WM ez ) P(Lrq)d1,
mp( ( )<a§dAbe+aszmpm | eap (~wo M ) pLra) L

(4.46)
Finally, evaluating the integration of (4.45) and (4.46), we rewrite (4.45) and (4.46)

respectively as
1 Ko? d®, d°\ (22 —1)N,
P(out,g s P <-(1—- —— ex Ld+id Mz /70
(Outeder [ D)D) 5 ( (waxag,, +d§)) ? ((aid ai) Ay Py

(4.47)

P(outsqrq | Yoce)P(¥pec) <

1 ko2, ( R ( 1 1 ))
— | —= ) eap [ N,(22F -1 +
K (wa)\afd + df) A ) 02 APy 023 An P (4.48)

The outage probability can be obtained by adding (4.47) and (4.48) as

50'22
Pr(out) = (1 _ (wa/\oirldfr)>
B (1 _ - ((22R - 1)Nod§r)) (1 oy ((22R —~ 1)Nod§d>>
UgrAbe Usszbe
( KOy )
+ wodo? +dy, (4.49)

: N,(2PF—1) N,(22F—1)
(e (B )

4.3. Performance and Results

In this section, the performance of the MLSRD protocol that is presented in the
previous sections is evaluated by the terms of spectral efficiency, bit error rate and
outage probability. The evaluation separated into two main parts 1) the performance
of the MLSRD-CCM are given in Fig.16, Fig. 17, and MLSRD-DCC Fig.18, Fig. 19
,respectively, and 2) the performance of the MLSRD-CCM and MLSRD-DCC
compared to the previous work of [21] and [22], which are given in table 3. In what
follow, The evaluation parameters of this chapter have been summarized in table 2.

The first main part of the evaluation is separated into three parts; a) the probability of

cooperation and the spectral efficiency are evaluated using different links quality, i.e.,
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o2.,02,and d?., d), of S— R and R - D, respectively, which given in Fig.16 and
Fig. 17 Db) The bit error rate of MLSRD-DCC is evaluated for different links quality
and the results compared to DCC which given in Fig.18 , c) outage probability
correspondingly evaluated for MLSRD-DCC which is given in Fig. 19.

Fig. 16 show the probability of cooperation after the relay selection employed, the
important results apparent in the figure is summarized as follows:

1. Ifthe distance isn’t accounted in the selection criteria, the results is shown that
the cooperation probability increased as links quality increases, i.e.,
02 >> a2, 0%, >> 02, on the other hand, the cooperation probability is lower,
if one of the link quality is high, i.e., 02. >> 0%, and 2, = o2,

2. If the distance is accounted in cooperation criteria, it is seen that if the relay
nodes are placed in the mid distance between the source and the destination,
the probability of cooperation is higher compared to the case where distance is
not accounted in cooperation criteria.

It is clear that, if both the distances and the links quality are accounted in the selection
criteria, the cooperation probability is higher compared to case in which the distances
isn’t accounted.

Fig. 17 show the spectral efficiency using different links quality and the distances. If
the links quality are good, i.e., o2, >> o2, 02, >> 02, the probability of cooperation is
increased which make the destination send request to the relay to repeat what received
from the source and it is well known repeating the information by the relay is spectral
efficiency loosing. In what follow, if o2, —oc and ¢, — oc , the spectral efficiency of
MLSRD-CCM equal to CCM spectral efficiency and it is equal to 1/2.

Fig. (1-a) show the bit error rate results with power-to-noise ratio (P/N,), where the
important results apparent in the figure are summarized as follows:

1. The bit error rate of DTM is reduced after the DCC employed.

2. The bit error rate of is reduced after MLSRD-DCC is employed compared to
DTM and CCM.

3. After the MLSRD-DCC is employed with links quality of o2. >> 02, 02, >> o2,
, the bit error rate reduced. Further enhancement gained, if the relay is placed

in in the mid distance between the source and the destination.
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4. If the relay placed near to source or destination, the performance reduces

compared to case when the relay placed in in the mid distance between the

source and the destination.

Fig. (1-b) show the bit error rate results with power-to-noise ratio (P/N,), where the

important results apparent in the figure is summarized as follows: the bit error rate is

reduced after MLSRD-DCC protocol is employed compared to protocol given in

[21], where for o2, = 10 and o2, = 0%, = 1, the achieved gain () over [21], further

achieved gain, if the relay placed in the mid distance between source and destination,

i.e., for 02, =10, 0%, =0%,= 1 and dsr = drd = 0.5, the achieved gain () over [21].

Fig. 19 show the outage probability results with (P/N,), the same result is appeared in
Fig 4, the outage probability of MLSRD-DCC is less than the outage probability of

DCC.
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Table 2: evaluation parameters and setting.

Modulation Order, M

8

Coding Rate, B [30]

1/4, (13,15, 15,17)

Rb: Rm

1/2(13,15), 1/2(15,17)

Pathloss Exponents, 3 3
Normalized Distnace, d 0.1—-0.9
Channel Gain, c:rf__j 1—-10
Py/Ny, Py, [N, :0-5(P6[N9) 0 te40dEB

Table 3: Comparisons of the MLSRD with the previous work given in [24] and [26].

Protocol alyl d’fd- Ugr/ dfr Jgd/ d'fd. A = ALl G
[24]
1/1 1/1 1/1 0.55 0.8922 3.455%
MLSRD-CCM 1/1 1/1 10/1 0.09 0.9622 28.516%
1/1 10/1 1/1 0.14 0.9435 0.372%
1/1 10/0.25 1/0.25 0.55 0.6667 -29.36%
1/1 1/1 1/1 0.55 1.7844 106.91%
MLSRD-DCC 1/1 1/1 10/1 0.09 1.9244 157.03%
1/1 10/1 1/1 0.14 1.887 100.7%
1/1 10/0.25 1/0.25 0.55 1.3334 54.61%
1/1 1/1 1/1 0.55 0.8624
Ref [24] 1/1 1/1 10/1 0.09 0.7487
1/1 10/1 1/1 0.14 0.940
Ref [26] 1/1 10/1 10/1 1 0.6
CCM 1/1 10/0.5 10/0.5 1 0.5
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CHAPTER 5

JOINT NEXT HOP AND RELAY NODES SELECTION FOR
DISTRIBUTIVE MULTI-HOP COOPERATIVE NETWORKS

5.1. Motivation and Background

Distributive multi-hop cooperative networks have been considered in various areas as
promising networks for ubiquitous communication situations. In such networks, a
sequence of multi-hop transmissions is required to transmit data from the source to the
destination. As well, the relay nodes which are intermediate nodes between source and
destination, and the relay nodes can cooperate in each hop transmission by using
cooperative systems, which can provide spatial diversity gains. Diversity systems are
well-known to offer an effective method of combating fading in wireless networks.
Frequency, spatial and time diversities are the three methods of these diversity systems
[25]. Where, it has been revealed that a scheme with multiple transmitter and Single
receiver antennas (MISO) enhance the received signal quality through diversity
systems [60]. As a different method to use separated antennas at the transmitter, which
can reach the similar spatial diversity gain is cooperative systems [5] and [61-62]. In
cooperative systems, many nodes in a wireless network work together to form a
virtually multiple antennas system. Adapting cooperation, it is potential to utilize the
spatial diversity of the conventional MISO systems, however it is not essentially
having multiple antennas. The destination or next-hop node receives multiple versions
of the data from the source and relay nodes and combines these to get an additional
reliable transmitted signal which can offer better performance. In distributive multi-
hop cooperative networks, nodes can cooperate with each other to offer spatial
diversity gain at the destination or the next-hop node. In such, any node can be a
source, a relay, next-hop or a destination. The purpose of next-hop node is to help the

source to reach to destination over multiple hop nodes even when the source and
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destination aren't in the same range. As follow, the purpose of the relay node is to help
in the transmission of the source data to the destination node. To guarantee diversity
gains, the relay nodes are chosen in such a way that its connection to the destination
and (or) next-hop node is independent of the connection to the source. In the context
of cooperative systems, there are two main cooperative diversity systems for
transmission between a couples of nodes over a multiple relay nodes: decode and
forward (DF) [63] and amplify and forward (AF) protocols [11].

Although cooperative systems have some fundamental benefits compared to non-
cooperative systems, by the use of relay nodes during communication which can
increase the diversity gain, on other hand relaying the data and the signal processing
at the relay nodes produce some negative drawbacks such as reduced spectral
efficiency (spatial multiplexing gain) [48], increased delay during communication and
increased hardware complexity. Since retransmission of the data from the relay nodes
to the next hop and (or) destination reduces the spectral efficiency, researchers focused
on developing some techniques to alleviate the spectral efficiency loss. The use of
space time codes in a distributed manner in cooperatives systems is studied in [16],
Relay nodes perform full duplex communication, i.e., relays can receive and transmit
simultaneously [49] Dynamic allocation of the time slots is studied in [20], some best
relay selection protocols are proposed in [21-22].In the practical, the implementation
of distributed space code requires to set up multiple antennas at the mobile set and this
not practical for small devices; full duplex cooperation required the relay to cancel its
self-interference from the received signal, but this not robust in the low cost radio
devices; dynamic allocation required overhead and global information; relay selection
is simplistic way and does not require hard upgrading and can achieve a spectral
efficiency as well as diversity gain. Incremental redundancy protocol for AF and DF
cooperative diversity was considered in [11], where the author proposed protocol
which improves the spectral efficiency in wireless cooperative networks. The
destination indicates success or failure by broadcasting a single bit of feedback to the
source and relay nodes. If the source-destination signal-to-noise ratio is sufficiently
high, the feedback indicates success of the direct transmission, and the relay node does
nothing. If the source-destination signal-to-noise ratio is not sufficiently high for
successful direct transmission, the feedback requests that the relay node AF or DF

what it received from the source.
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Relay node selection for DF cooperative diversity was considered in [64], where the
author presented a relay node selection protocol based on link signal-to-noise ratio in
wireless networks. The relay node decide when to retransmit based on signal-to-noise
ratio between source-relay and relay-destination. Spectral efficiency loss reduction
wasn't studied. Relay node selection for DF cooperative diversity was considered in
[24], the author proposed relay node selection based on the harmonic mean of the links
between source-relay and relay-destination. In addition to relay node selection, the
author consider Incremental redundancy protocol which reduce the spectral efficiency
loss.

Most previous work on cooperative networks either 1) makes no try to select next-hop
node [11], [24] and [64], 2) selects next-hop node, supposing a cooperating sets have
been allocated a prior, 3) make relay node selection but no try on the spectral efficiency
loss reduction and no try on next-hop selection . There has been very few works on
joint next-hop and relay nodes selection in Distributive multi-hop cooperative
networks [64]. We propose a selection protocol that is chosen a maximum links signal-
to-noise ratio (vy) from the source to next hop node, source to relay node and relay to
next-hop nodes, namely joint next-hop and relay nodes selection (JNRS), which

address the above problems of the Distributive multi-hop cooperative networks.
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Fig. 20: Distributive multi-hop cooperative networks scenario.
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5.2. Multi-hop Cooperative Structure Construction in INRS

5.2.1. Architecture Overview

In this subsection, the JINRS architecture has been presented in brief which is showing
in Fig. 20. Let indicate G2~ the myy, relay nodes groups, GNHxthe k., next-hop nodes
groups. Where, the source and destination are separated by ny, stages, each stage
consists GNHx and GE~ groups, while the last stage consists G2~ groups. To make the

picture clear, we give an example showing in Fig. 21.

! | !

Stage 1 Stage 2 Stage 3

Fig. 21: Distributive multi-hop cooperative networks example, the source and
destination are separated by three stages (Z = 3), every stage consist two relay nodes
and two next hop nodes. The sold and dashed lines represent the first phase and the
second phase, respectively. The dashed circle represent the node action at further stage

(n+1), the crossed circle represent nodes which are filter out from the communication.

We consider the DF protocol, which is described as follow; in the first phase (first time
slot) the source broadcast the data to receiver and relay nodes. In the second phase
(second time slot), the relay nodes retransmit the data that received from source to
receiver. Receiver is combined the received data via MRC. However, the DF under the

consideration of distributive multi-hop cooperative networks is described as follow; in
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the first phase and at stage 1, the source broadcast the data to optimal R1 and optimal
NH2 nodes (optimal relay and next hop nodes selection are given in subsection 5.2.2).
In the second phase, the optimal R1 node retransmit what received from the source to
the NH2 which is combined the received data via MRC. At stage 2 and in the first
phase, the NH> act as source and re-broadcast the data that received from the stage 1
to optimal Rz and optimal NH1 nodes. In the second phase, the optimal R> retransmit
what received from the NH> to the NH1 which is combine the received data via MRC,
and so on. At last stage, which is stage 3, the next-hop node is the destination. In this
paper, we consider first stage in our analysis because we assumed the performance is

identical in every stage.
5.2.2. Next-Hop and Relay Nodes Selection

In distributive multi-hop cooperative networks, any source may have direct
transmission links with some other nodes in its neighborhood and each node can, if
needed, action as a next-hop node (sink node) which routing the data to its final
destination [65]. As well as, any transmitter may have intermediate nodes between
itself and the receiver node which can function as relay nodes in which help the
transmitter to forward the data to receiver, see Fig. 20, and 21. In this section, the INRS
has been described in details in which the single next hop and single relay nodes have
been jointly selected. Primarily, the next-hop selection is described (in fact, if the
source and destination within the same range, next-hop node not exit, see Fig. 21). The
NH node selection is resemble to selection combing (SC) protocol in the diversity
systems [57]. The SC is described as follow; the receiver received multiple signals
from multiple transmitted antennas (L) which installed on the transmitter, where the
receiver select largest signal-to-noise ratio (7y) coming from L transmitter antennas and
filtered out the small. Where, the proposed NH node selection is described as; the
source determine multiple next-hop nodes within its neighborhood or within stage 1 in
G, groups; and because each S-NH paths are independent sample of the fading
process, the S-NH with the greatest is chosen for communication, such process can be

expressed as

_ 1 vy =maz {w}
S —NH, = {O otherwize

(5.1)
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The NH node has been selected, in the sequel, relay selection is started. The proposed
relay selection drawn from ARQ protocol, in which the destination transmits negative
ACK signal if the received data from the source are corrupted, which make the source
retransmits the corrupted data again. On other hand, if data received correctly by the
destination, it is transmit positive ACK signal. The proposed relay selection protocol
Is described as follow; in the first phase, the source broadcasts the data to optimal NH
node which has been selected by the source, and relay nodes (relay nodes within stage
1 in GRm 1 groups). In the second phase, the optimal NH node received the source
data, and it is determine the relay node with largest signal-to-noise ratio SR;RNH max

and it is expressed as

SR SR SR S
’Vma:c:max{fy 177 27--“77 Rm}v

RNH __ RNH, . RNH> RNHj,
f}/max = mar {'7 77 7""77 }7

SR,RNH __ SR RNH
f)/maz = max {’ymaaﬂ /Ymam }

(5.2)
VSRENH js represent the maximum signal-to-noise ratio from the S-R node and from

R-NH node that is chosen by the optimal NH node. If the 755V s determined then
the NH node compares it to Yoyg. If vsvm > v5EENE | then the next-hop node

f}/maz

transmits positive ACK and DTM occurred, on other hand, if ysyg > 7SEENH then

f}/ma;v

the NH node transmits negative ACK, and optimal relay nodes that has > %ENH it js
retransmit what received from the source to NH node. The NH node is combined the
received data from the source and relay nodes using MRC in such DF-JNRS is
occurred. Where, it is assumed that every node in the networks has knowledge of links

quality to neighborhood.

5.3. Mathematical Analysis of INRS Protocol

In this section, the mathematical model and analysis of JNRS protocol is provided.
The average spectral efficiency, outage probability and diversity order are analyzed

after the JNRS protocol employed.

5.3.1. Average Spectral Efficiency Analysis

Technically, if the M relays participate in cooperation, then M+1 time slots or sub-

channels required to transmit single symbol of the data from the source to the next-
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hop node or (and) destination. Therefore, the spectral efficiency of the CCM is scaled
by (1/M+1), i.e., if the spectral efficiency of DTM is denoted as SEpr, then the
spectral efficiency of CCM is SEcem = (SEpmv/(M +1)).

The CCM under JNRS consideration may be summarized as follows; in the first phase,
the source broadcasts the data to the relay nodes and to the optimal next-hop node, if
the relays decode the received data correctly, it save the data in their buffer, otherwise
the relays keeps silent and drop the data from the buffer’s. In second phase, the optimal
next-hop node computeysyy < YoEENH if it is satisfied, the optimal next-hop
transmits negative ACK (the ACK message can be represented by single bit, where
positive ACK by 1 digit and negative ACK by 0 digit, to avoid extra overhead). The
optimal relay node retransmits what received from the source to optimal next-hop
node. The optimal next-hop node combines all received signals which are transmitted
by the source and optimal relay node via MRC. The JNRS can dramatically improve
spectral efficiency over CCM because if the source to optimal next hop node ~ is
sufficiently high, the relay does nothing which can reduce the spectral efficiency loss.

The average spectral efficiency (ASE) is given as [24]
ASE = Pr(¢"™) | ) 0.5Pr(“M),

Ter;(l) Term(2)
(5.3)
The average spectral efficiency (ASE) after INRS employed is given as
ASEJNRS — PT(QZSSNH ﬂd]DTM) U 05P7’“<¢SNH ﬂwCCM),
Te;rg(l) Te;r;(Z)
(5.4)

in which ¢SNH | DTM gnd CCM are next-hop selection, direct transmission mode and
classical cooperation mode events, respectively, which are independent. Where
Term(1) and Term(2) of (5.4) are exclusively independents events, therefore we
rewrite (5.4) as

ASEjnrs = 0.5 (1 + Pr(¢®VH) Pr(yPT™ | ¢SNVHY).
(5.5)
in which Pr(¢°¥) is the probability of next-hop selection and Pr(yPTM) js the

probability of direct transmission mode selection, consequently Pr(yPF) = 1-
Pr(PTM) s probability of DF mode selection. If 7 is assumed to be exponentially
distributed, then The complementary probability of optimal NH node selection is

given aswhich are given as
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PT(¢)SNH) = Pr'}’maa: (fYSNH) =

L ASNH
Pr(mam[f)/lvfy% "'77L] 2 ’YSNH) = H (1 — Exp <_ )) )

P ~SNH
(5.6)
this yields
L
L k’ySNH
P07 =3 ()0 (e =2 ) ).
k=0
(5.7)
The probability of optimal NH node selection is given as
L
T k’ySNH
Proa () =123 (1) 0" (e (-7 ) ).
k=0
(5.8)
Furthermore, if more than single relay within G, the probability of the DTM is
given as
1 1
DTMY __ SNH SRRNHY _ 1 __ N SNH
Pr(¢ ) - Pr»y;s;g’zRNH (7 > f)/ma:c ) e 1 exp ( (E + ’)/RW) fy )

(5.9)
As follow, the average Pr(¢°NH) Pr(yPT™ | ¢5NH) is given as

PT(¢SNH) P,r(wDTM | ¢S’NH) —

max

/ Py (YN Pr s (VN T )pysivn (5N dy SV (5.10)
0

Substitute (5.8) and (5.9) in (5.10), yields

o M
Prig™Npr™ 16 = [732 (D) e (= = ) m ™)

(oo SO (ol 500) £ ()

v

m#k
1 1 1 SNH
X exp (— (: + _) mfySNH) ——exp (___’7 ) d’ySNH
~SR N RNH ~SNH ~SNH
(5.11)

yields,
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M

P e |67 =[5 (e (- (s + (574 77m) ™)
N 3 (1) ) Ai 0 ()

k=0
——
m#k

o E+1 1 1
X / exrp (— ((L) + (— + —) m) ’ySNH) dy"VH(5.12)
0 ~SNH ~SE  NRNH

Evaluate the integration with respect to vSV#, we rewrite (5.12) as

M

—1 M m 1 1 1 3
Pr(¢SNH) pr(ypPTM | $5NH) = SN mzzo (m) (-1) (WSNH + (753 + »yRNH) m) 1
N0 AN C LIRS A (e ) . , )
. ’“22% (k) v mEZ:O (m>(_1) ( FSNH i (fySR * ,YRNH) m) ' (5.13)
g

Substituting (5.13) in (5.4), then the average spectral efficiency is given as

M
1 M\, .1 1 1 o
ASEjnrs = 0.5 (2+ 7 > (m> (-1) (VSNH + <’YSR + ,-YRNH) m)

-5 2, (e (e Gaeggm) )
. (5.14)

It is clear that the spectral efficiency of the JNRS protocol is depended on: 1) number
of the NH nodes within g% groups. Where if the number of NH nodes increased, the
probability of choosing optimal NH node increases which reduce the spectral
efficiency loss. In addition, the spectral efficiency goes to 1 as L goes to co. 2) signal-
to-noise ratio of S— NH link. Where if the S— NH is large which increases the
probability of DTM, the spectral efficiency increases. In addition, the spectral
efficiency goes to 1 as S — NH goes to 0o. 3) number of relay nodes within g2 groups.
The spectral efficiency decreases, if the number of relay nodes increases because as
number of R increases the probability of CCM increased as well. In addition, the
spectral efficiency goes to 0.5 as M goes to oo. 4) signal-to-noise ratio of S—R and
R — NH inks. The spectral efficiency decreases, if the signal-to-noise ratios of S—R
and R — NH inks greater than S — NH link. In addition, the spectral efficiency goes to
0.5 as signal-to-noise ratio of S— R and R — NH inks goes to co because the probability

of CCM goes to 1. We can conclude that: If the probability of DTM increased, i.e.,
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P(yPTM), the spectral efficiency increases but the spectral efficiency reduces as

P(yCCM)y increases.
5.3.2. Outage Probability Analysis

The outage probability Pr(out) is another standard for system performance evaluation;
it measures the probability of an event to be less than the threshold value. In this
section, we consider the probability of a given signal-to-noise ration () to be less
than the threshold value ~,,. If the channel modeled as Raleigh fading channel, then
the signal-to-noise ratio (- ) distribution is exponential, therefore the outage
probability is given as [37]

p(7 < %) = Priy,) = / "L oan iy = 1— eap(22) = Leap(22)
N ? o ¥ 7 ¥ oy 'H

(5.15)
in which the ~ is the average signal-to-noise ratio as E[y| = 7y . The outage probability
after INRS employed, it is given as []

P(;L]XRS < PSNHmPSR U PSNHmPRNH
~—_—

out out

First phase, Term(1) Second phase, Term(2)

(5.16)
The outage probability after INRS employed, it is given as

PJNRS < PT’ SNH) ﬂPSR SNHﬂP’I“(wDTM) U PT(¢SNH) ﬂPRNHSNHmP’I"(wDF)

out out out

Term( 1) Term(2)

(5.17)
All the events given in (5.17) are independents; and Term(1) with Term(2) of (5.17)
are exclusively independent events, therefore we rewrite (5.17) as

PJNRS < PSNH [PT(¢SNH) P,r(wDTM) (PSR PRNH) + PT(¢SNH) PRNH:|

out out out out

(5.18)
in which the average Pr(¢"VH)Pr(¢PTM) given in (5.13) and the average of

Pr(¢SNH) is given as
SNH 1 SNH
(¢SNH -1 _ / ( ) )kexp( k~ > exp (_7 )d,ySNH
,-)/SNH ,-YSNH ,-YSNH

(5.19)

69



L -1
P =1 = 32 ()0 v (o)
—0 Y Y
(5.20)
in which PSVH = pSEkand PENH gre the outage probabilities of the S-NH link, S-R

out out out

link and R-NH link, respectively. These probability are given as

Pyt = Pr(y"M > ) =1~ P~ =57) =9 (VM%)
Yo
P&fﬁ = PT(VSR > %) =1-— ea:p(—ﬁ) =9 (’VSR»%) 5
Yo
P = Pr(y™ > y,) =1 - ewp(_vRNH) =g (™, %) .

(5.21)
Substituting (5.20) and (21) in (5.18), then the outage probability is obtain as

M
1 M 1 1 1
JNRS SNH _1\ym -1
Py < g ("M 5,) {—WSNH Z (m)( 1) (WNH + (’YSR + 7RNH) m)

m=0

O £, () (5 G

.
(9 (F¥ 7)) — g (7, %))+ g (VN 70) (1 - kz: <i>(—1)k 75% <%> _1>]

(5.22)
The outage probability is proportional directly to probability of DTM and probability

of CCM. Where, it is effected by four parameters which can be summarized as follow:
1) the outage probability reduces as L increases because the probability of choosing
optimal S— NH link increases and vice versa. 2) The outage probability reduces as
S — NH link increases and vice versa. 3) The outage probability reduces as M increases
because the probability of choosing optimal S — R and R — NH links increases and vice
versa. 4) The outage probability reduces as S— R and R — NH links increases and vice
versa. 5) The outage probability reduces more comparingto 1 —4, iftheS—NH,S—-R

and R — NH.

5.3.2.1 Diversity Order

A good cooperation systems has to maintain the diversity gain and spectral efficiency.

In fact, DF may be provide diversity gain but spectral efficiency may not. Hence, we
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need protocol that can give both spectral efficiency and diversity gain. One of the
simplest existing protocol which can reduce the spectral efficiency loss is resemble to
ARQ protocol, but such protocol may not offer diversity gain. Therefore, it is
important to design protocol resemble to ARQ protocol which offer diversity gain.
Where, the diversity order (DO) is considered in our analysis, because it is can be
translated into the diversity gain.

Definition 3.2.1 if the symbol of the information is transmitted from the source and a
single relay node (M = 1) to the destination node (or next-hop node). We say DO = 2,

if v—00.

Proposition 3.2.1. the diversity order of the DF which use JNRS that employee M
relay nodes, achieve diversity order of 2 through choosing maximum signal-to-noise
ratio from S-NH, S-R and R-NH, respectively.

Proof. The probability density function of outage probability of INRS protocol is given
as

pont > < po (6N [ p(P™) (5 — pEET) + B

(5.23)
in which pS¥NH pSE and pEYH are given as
. 2
Do = Pr(y*M > q,) = 1 — exp(— S:IH) ~ SJTIH’
Y Y
Yo Yo
pfﬁ = Pr(’VSR >7,) =1—erp(— SR) ~ =R )
Y Y
RNH ._ p,.(~RNH —1_ o Yo
Pout = Pr(y™" > ) =1 —erp(—==) ~ =
Y Y
(5.24)

The probability density function of Pr(¢SNH) and Pr(PT™™)forL=1and M =1

are given as

o onn L /1, . fo SNH ASNH
Prymas (Y )= Pry,...(v )=1- Z (k)(_l) (exp <_ ’YSW )) ~ 7SNH’

and,

(M 1 1
p’yil’;;cRNH (’)’k) = P’r,ysz};&RNH (’)/k) = Z ( )(—1)m E€TP <—( + ) m ’)/SNH>




1 1
s (: ) )
,-YSR ,-YRNH
Substitute (5.25) and (5.24) in (5.23), we obtain

k 42 1 1 1 1 1
Pt > < (75%}1) K(ﬁﬁ + W) m) <,yﬁSR - ,yﬂRNH> + W]

(5.26)

inwhich 35N# | 35 and BENH gre average of the squared of Raleigh random variable

(5.25)

from the source to next-hop, source to relay and relay to next-hop nodes, respectively.

In what follow, the diversity order of JNRS protocol is given as

d'NRS — _ i log(put™)
100 log(7)
(5.27)
Substitute (5.26) in (5.27), the diversity order is equal to
J/NRS _
oo ((5m) | ((om-+ om) ) (g = 5m) + o)
~(3SNH ‘3SR " 3RNH SR RNH ~Q3RNH
 lim B B B B B B
= log(7)

— 2. (5.28)

5.4. Performance and Results

In this section, the performance of the JNRS protocol that presented in the previous
sections is evaluated. The evaluation in this paper are gathered spectral efficiency and
outage probability using JNRS protocol. In the evaluation, we assume different -y
between the source, next-hop and the relay nodes, which is the most general case.
However, in the Fig. 22, we assume the 7y between S - NH is vary and between S — R
and R — NH are fix, while in the Fig. 23, the -y between S - NH is fix and between S
— R and R — NH are vary, in the Fig. 24, the $\gamma$ between S — NH, S—R and R
— NH are vary.

Fig. 22. Show the comparison of average spectral efficiency uses JNRS protocol and
DF for L = 2, 3 and 4. The important results apparent in the figure are summarized as

follow:
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1. The average spectral efficiency increases as the number of the next-hop nodes

increases.

SNH

2. The average spectral efficiency increases as the increases.

SNH increases.

3. The average spectral efficiency is 0.5 for DF even when «y
Fig. 23. Show the comparison of average spectral efficiency uses JNRS protocol and
DF for L = 1, 2 and M =1, 2. The important results apparent in the figure are
summarized as follow:

1. The average spectral efficiency reduces as number of relay nodes increases.

SNH increases.

2. The average spectral efficiency increases as vy
3. The average spectral efficiency increases as number of the next-hop nodes
increases.

SNH increases.

4. The average spectral efficiency is $0.5$ for DF even when
Fig. 24. Show the comparison of outage probability uses JNRS protocol and DF for L
=1, 2 and M =1, 2. The important results apparent in the figure are the outage
probability reduces as the number of relay and next-hop nodes increase. The outage

probability is higher for DF compared to DF-JNRS.
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Fig. 22. The average spectral efficiency for L =1, 2 and M = 1, and different signal-

to-noise ratio.
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Fig. 23. The average spectral efficiency for L =1, 2and M = 1, 2, and different

signal-to-noise ratio.
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Fig. 24. Outage probability forL=1,2and M =1, 2, 3 = 1 and different signal-to-

noise ratio.
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CHAPTER 6

PERFORMANCE ENHANCEMENT THROUGH OPTIMAL POWER AND
CODE RATE ALLOCATION OF DISTRIBUTED CONVOLUTIONAL CODE
FOR THE COOPERATIVE WIRELESS NETWORKS

6.1. Motivation and Background
The communication devices which employ multiple antennas can achieve higher
transmission capacity and better performance due to the spatial diversity and the use
of the multipath transmission. However, it may not be always feasible to use multiple
antennas in some mobile communication devices considering the brought size and cost
increment. In order to achieve the spatial diversity without using multiple antennas on
mobile devices we can use cooperative communication (CC) approach. In cooperative
communication different type of methods such as amplify-and-forward [66-67], un-
coded cooperation [68] and distributed coded cooperation (DCC) [26]. In this paper,
we consider distributed coded cooperation method where the code rate is distributed
among the relays (helpers or neighbors) and the source. Distributed coded cooperation
has more cooperation gain when compared to uncoded or amplify-and-forward
cooperation methods. We provide pairwise error probability analysis of distributed
coded cooperation considering the cases in which the received data at relay includes
errors or it does not include errors. We only consider single relay use and derive
approximated PEP for single relay case.
In the literature, the optimum power allocation (OPA) studies have been done
considering the symbol error rate [14] and outage probability parameters for the
cooperative communication systems employing either uncoded or amplify-and-
forward transmission techniques [69]. To the best of the authors’ knowledge the
analysis of distributed coded cooperation employing optimal power allocation has not
been done. In this paper, we derived the optimum power allocation criteria for the
cooperative communication systems considering the cases in which the received data
at relay either includes errors or not. In addition, we derived optimum code rate
7



allocation formulas for the case where the received data at relay include errors. All the
results are obtained considering the channel variations from source-to-relay and relay-

to-destination.
6.2. Error Free Data at Relay

After source broadcasting to the relay and destination, the relay decodes the received
data correctly and re-encodes it before its retransmission to the destination. We assume
that the decoded data at the relay has no errors. Generally, the conditional PEP of the

direct transmission mode is given as:

P(d | vat) (\/ 2 kpsi; dar Ray ’Ydt)

(6.1)
where k.. = (sin?Z) is PSK modulation constant, Ry, = (R; " + R;,!) 'is the direct

transmission code rate, d,, is the Hamming distance between the received and
transmitted signal for the direct transmission mode and 74 is the instantaneous
received signal to noise ratio of the direct transmission mode and it is represented as
(Ps/N,). The conditional pairwise error probability of the distributed coded

cooperation [4] is given as:

2k:psk
N,

P(da; | vsp,vrD) = Q ( (Rydy P, \hsp|® + Ry dm P (|hSD|2 + |hRD|2))>

(6.2)
where 4, and d,, are the Hamming distances of encoded data in the BC and MAC

mode  respectively such that dy =d, +d,. Using Craig’s formula

1S e (2 M) do [9] for Q(x) function, we can rewrite (6.2) as:

1
P(da | vsp, VD) = %/
0

(M-
Mot oo [ 2 (Rydy Py |hsp|” + Ry dym P, |hspl?)
PA™N, 25in20

2k & Ry do P |hrD|?
xexp( psk |l

N, 251120 ) d0 (6:3)

The unconditional PEP in [4] is given as:
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—1)m -1
a 1+ kpsi (Bo b Py |hsp|” + Ry dm P |hspl”)
N, s1n20

x <1+ kpskRmdem |hRD|2

-1
N, sin20 > d0 (6.4)

where the integrand takes its maximum value when sin2(0) =1, which results to

(M—1)m

173 (sin20)"1? do = M=1[10], [11], and assuming that ysp and yrp are large

enough, we can obtain the approximated expression for (6.4) as:

M-1 kos -2 -1 -1
(6.5)

We analyze a distributed coded cooperation "cooperative communication system

employing a convolutional encoder with rate 1/4 , constraint length 5, and generator

polynomial (25,27, 33,35)_, , [12] (we use asuch convolution encoder structure in our

octel

analysis in Section 6.4). In the BC mode source encodes the data using the (25, 27)

octel

sub-generator polynomial. And in MAC mode the source and relay encode the data to

be transmitted using the (33,35) sub-generator polynomial. And for such

octel

convolution encoder the minimum Hamming distance is d = 16, and d;, = d,,, = de.,

besides R, = R,,, = R... Therefore, we can rewrite (6.5) as:

M -1 k S - -1 -1
P(d) < ( M ) (]ifk> (|hSD|2 Rccdcc (Pb + Pm )) (Rccdcc Pm |hRD|2)

(6.6)
6.3. The Case of Erroneous Data at Relay

In this section, we consider the case where the received stream at the relay includes
some transmission errors. The PEP includes two terms: the first term is due to the non-
cooperation case; that is in BC mode source transmits to the destination and relay and
in the MAC mode relay cannot decode the received data correctly, so the destination
receives data from source only and relay keeps silent. The second term is due to the
cooperative communication case, i.e., relay successfully decodes the data and
retransmits, receiver gets signal from both relay and source. Therefore, PEP is given

as

2k,

2kpsk 2
Rydy, P, |h
No b Wp L'p | SR|

No

P(d | vsp,VrD) = Q\/ \hsp|* (Rydy Py + Ry d Py ) X Q\/
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2k,
+Q\/ 15’6 (Rydy Py |hsp|® + Rudm B (hspl* + |hrpl®))

(6.7)
and following similar steps as in the approximation of (6.3), we can obtain the

approximated expression for (6.7) as :

M—=1\? [kpsi\ ) -1 N1
P) < (——) (= (|hSD| (Rbdbe+Rmdem)) x (Rbdbe |h5R\)

-1

M =1\ [kpe\ > 1
+ <M> < ]I\’[:) <Rfm A P, |hRD|2) <|h,S'D|2 (Rb dy P, + R,,d,, P, ))

(6.8)
6.4. Optimum Power Allocation

In the previous section, we derived approximate expression of PEP of the cooperative
communication system employing distributed coded cooperation. In this section, we
derive the optimum power allocation criteria P, in the BC and in MAC mode P,, and

such that the total constant power is Py, = P, + Py,

6.4.1. Error Free Data at Relay

In this subsection, we determine the criteria for optimum power allocation for the
cooperative communication systems that has error free data at the relay. For the PEP
given in (6.5), the optimization function is defined as:
F (P, Pn) = (st [hsp|* (Rody Py + R P)) ™ (R o P st [ ?)
st Py =F,+ B,
(6.9)
Let’s define the terms A= R, d, |hgp|’, B=Rydy |hsp|® , C = Ry dm |hspl,
J = Rydy |hsr|® for simplicity of the mathematical expressions, then (6.9) can be
rewritten as:
F(Py, Py) = (kpsi BPy + kpsiC Py )™ % (kps AP, )
(6.10)

Defining P,, = (PxP/P+1)and B, = (Py/P+1) [13], where P = B,/P,,, We rewrite

(6.10) as:
P+1 P+1
(b ) dt 0g(B+PC> dt OQ(AP+1)

80



(6.11)
Knowing the fact that the logarithmic function is a monotone increasing function, and
A=1+A, C=1+Cand A=1+ 4, taking derivative of (6.11) with respect to P and
equating to zero, we can rewrite (6.11) as:

(i) (5D o

this yield,
CP*+ (2AC - CO)P+ (24" —24) =0
(6.12)
where we made use of the assumptions; ¢ —1 =C,24C — 1 =2AC, A = B, then solving

quadratic equation for P we get

\/ 4@ — A+ 1)T° + (83 - §A)C| + (24 - 1T
P =

2C
(6.13)

where |z| is the absolute of x. Considering on assumption given in (6.6), The OPAs in

the BC and MAC modes are given as:
2g9: hrp

P, =

(6.14)

(2g:hsp + 1)ge hrp + V/14(92h3  — 4g:hsp + 1)g92h%p + (89:hsp — 92h% ) ge hrp|

mo 2

i
((2gchsp — 1) +2)ge hrp + /4(92h% , — 4g:hsp + 1)g2h%, + (89chsp — 92h3p)ge hrp|

(6.15)

where g. = R..d... The above results are valid, if the cooperation channels are
available, i.e., hsp #0, hsr #0and hrp # 0. The OPAs are affected from the following
Issues:

1. Channels qualities of the R — D, S — D links have great impact on the optimal
power allocation process. Different cases which should be taken into account
during the optimal power allocation affects the allocation process significantly.
The following scenarios can be given as examples for these channel states. The
channel state of the s — D may be constant, and the R — D channel state may
vary during cooperative cooperation. Therefore, if the channel quality of the
R — D is much better than the channel quality of the s — D, i.e., hrp > hsp, O,
if the channel quality the r — D is approximately equal to the channel quality
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the s — D, i.e., hgp ~ hsp , then more power is required in the BC mode
comparing to the MAC mode. Furthermore, if the channel quality of the R — D
iIs much larger when compared to the channel quality of s - D, i.e.,

hrp >> hsp, then P,,, approaches to zero and P, approaches to total power Py

2. We observe that less power is required in the MAC mode when compared to
the BC mode. Note that, we can divide the power in the MAC mode between
source and relay, hence P,, = Ps,,, + Pr.., Where Ps,, is the power of the signal
transmitted from source in the MAC mode and Pz, is the power of the signal
transmitted from the relay in the MAC mode. In our study, we consider the

same amount of power for source and relay.

6.4.2. Erroneous Data at Relay

In this sub-section, we consider the case in which the data received at the relay includes
some bit errors after decoding operation, which means that relay does not make
retransmission. The optimization function according to (6.8) considering the
erroneous data at the relay is given as:

1 1 1
Ferrors PaPm = = ) t Py =h P
(B Bn) = g CR, <mJPb +APm) St b =5

(6.16)
where i = M/M — 1. Taking the derivative of (6.16) with respect to P, and equating
to zero we get

2 ABP,P,, + mJBP? + ACP2 =0

(6.17)

where substituting P, = (P, P/P+1) and P,, = (Py/P +1) and solving the quadratic

equation for P, we get:

p_ mBJ
- MBJ+ AB +VA2B?2 — mABC.J

(6.18)
Replacing the explicit expressions for A, B, C and J in (6.18), and taking into account
the assumption given in (6.6), the OPAs are found as:

hrp + \/|h4p — M hsrhrp] :
~ — t
(m hSR —+ hRD) —+ \/’h%%D — thRhRD|

P, =
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(6.19)
mhsg

Pm: —~ = Pdt
(mhsg + hrp) + \/|h%:m — mhsrhrp|

(6.20)
Considering the derived expressions (6.19) and (6.20) we can draw the following
results for OPAs in case of erroneous data at the relay.

1. OPAs depend on channels qualities of s - r and R — D links. The channel
quality of the s — D has no effect on OPAs. If the channels quality of the s — R
larger than the channel quality of the R — D, i.e. hsr > hrp , then more power
is required in the MAC mode than in the BC mode, and if the channel quality
of s — R is much larger than the channel quality of R — D, i.e., hsr >> hrp then
the P, approaches to zero and P,, approaches to total power. Further, if the
channel quality of S- R is less than the channel quality of the r— D,
i.e. hrp > hsr , then then more power required in the BC mode than in the
MAC mode and if the channel quality of the s — r is much less than the channel
quality of the R — D, i.e., hsr << hrp, then the P,, approaches to zero and P,
approaches to total power Py , moreover, if the channel quality of s — r equals
the channel quality of R — D ,i.e. hsr = hrp , then more power required in the
MAC mode than in the BC mode, P, < P,..

2. OPAs depend on the modulation order amz(modulation level). If the modulation
order is larger than 2, i.e., M > 2, then more power is required in MAC than
the power required in the BC mode, furthermore if the modulation order is
much greater than i, i.e., M >>2, then the P, approaches to zero and P,,
approaches to total power P; assuming that all the channels have similar
qualities.

3. Finally, the required power of the BC mode is less than the required power of
the MAC mode, when all channels have similar qualities.

Note that, if P, approach to zero and P,, approach to total power Py, it favorable to use
the CC instead of direct transmission, while, if the P,, approach to zero and P,

approach to total power Py then direct communication more favorable.
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6.5. Optimum Code Rate Allocation for Distributed Coded Cooperation

In distributed coded cooperation the total code rate of the encoder are shared between
BC and MAC modes i.e., Ry = (1/Ry +1/R,,) "%, where Ry, is the total code rate or
direct transmission mode code rate, i.e. Ry < R, and Ry < R,,, Ry is the code rate at
the first phase of the transmission operation, i.e., source broadcasting to the relay and
destination and R,, is the code rate at the second phase of the transmission, i.e.,
transmission of data from the source and relay either on orthogonal channels or on
competing time slots. In fact, we assume that the channel quality between s — D does
not change during the cooperation, but the channel qualities of s - Rr,and R—-D
links can change during the cooperation. Then we can ask the question: can we change
the rate with respect to channel variations of s — r and the r — D links? The solution
of this problem can be achieved by finding the optimal code rate as a function of both
channels.

Fortunately, the derivation of the optimal code rate allocation as a function both
channels, hsr and hrp can be done in the same way that has been done for optimal
power allocation that was given in the Section 6.3. According to PEP given in (6.7),

the optimization function (as code rate function) can be written as:

P, P, \ '/ mpj Brm
FeTTors yMm) = h 2 _b _) ( ° >7
) = (sl (G +30) (s + s
st Bu=0 + Bm
(6.21)

For the sake of the simplicity, we delete the term 7,,/sm from equation (6.21), we can
rewrite (6.21) as:

B\ mb, B
Ferrors (/Bba /gm) = <|h’S’D|2 _> ( +
By Py lhspl* P |hpl’

(6.22)
Calculating the logarithm of (6.22) and substituting & =0a/(6+1) and
Bm = BatB/ (6 + 1), and then taking derivative with respect to 3 and equating to zero we
get:
—mPB,hrpB + (Bhsr + 2mB,hrp)B + Pohsr =0
(6.23)
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where 3, is the portion of time for transmitting encoded bits in the BC mode, 3, is the
portion of time for transmitting encoded bits in the MAC mode, 3; is the total time of
both modes or direct transmission mode , and Ry = (8,/Ra: + Bm/Ra:) ", the optimum

code rate allocation (OCRA) is given as:

mP,hsr
= nPolmn + B (Bl Bilvar)
(6.24)
8, = VmPphrp(mPyhrp + Pohsg)
2mP,,hrp + \/umhRD(umhRD + Pyhsr)
(6.25)

where m = M — 1/M. The interpretation of (6.24) and (6.25) is as follows:

1. Optimum rate allocation depends on channel qualities of the s — r and R — D
links, the channel quality of the s — D has no effect in optimum rate allocation.
If the channel quality of s — R is better than the channel quality of r— D,
i.e.,hsr > hrp , this results in larger code rates in BC mode and smaller code
rates in MAC mode and if hsr >> hgrp, then R,, is much less than R, which
means that 3, is much greater than g,. On the other hand, if the channel quality
from R — D is better than the channel quality from the S — Ri.e.hgrp > hgg, then
smaller code rates are available in BC mode relatively higher code rates are
available in MAC mode, and if hsr << hrp, then R, approach to 0.5 and R,
approach to 0.5.

2. Modulation order M (modulation level) affect the optimum rate allocation. If
modulation order As > 2, then the lower code rates are required in the BC and
higher code rates are available in MAC mode, and if» >> 2, then R,, is much
less than R, meaning that 3, is much greater than 3, ssuming that the quality
of the channels are similar to each other.

3. Signal power transmission also affects the code rate such that if the signal
power in BC mode is greater than the signal power in MAC mode, i.e. P, > Py,
, then lower code rate is require in MAC mode and higher code rate is require
in broadcasting mode, in other word, R,, approach to R. and R, approach to 1
or (3, approach to 3; and 3, approach to zero. It is clear that, if 5, approach to
zero and 3,, approach to 3;, we can use cooperative communication instead

of direct transmission, on the other hand, if 3,, has very small values close to
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zero and 3, has avalue similar to 34, then direct communication mode is more
favorable.
4. If the channel qualities have the same amount, i.e., hsr = hrp, then more code

rate is required in MAC mode than BC mode, i.e., 3, < 3,..

6.6. Performance Results

In this section, we numerically calculate the performance of the OPA and OCRA of
DISTRIBUTED CODED COOPERATION through the theoretical formulas derived
in the previous sections. The numerical calculation results, which are depicted in Table
1, Figs. 25 and 26, are explained as follows.

Considering the lines in Fig. 25 we can draw the following results. Considering the
case for which S —R and S — D channels are perfect, i.e., hsr = hsp =1, and
successful decoding occurs at the relay, i.e. error free data at the relay , then optimal
power allocation in BC mode B,/P;; = 0.375 shows better performance when compared
to the equal power allocation P,/P;: = 0.5. On the other hand, with erroneous data at
the relay even though channels are perfect optimal power allocation in BC mode
P,/ Py = 0.4 shows slightly better performance than equal power allocation scheme
P,/ Py = 0.5. Furthermore, if channels quality aren’t equal to each other, for instance
hsr = 1,hsp = 10, ER, then optimal power allocation in BC mode B,/ P;; = 0.087 shows
better performance when compared to the equal power allocation P,/P; = 0.5. The
error free relayed data case has better performance when compared to the erroneous
data case at the relay even optimal power allocation or equal power allocation is
employed.

The results of Fig. 26 can be summarized as follow. For the equal channel quality and
erroneous data at the relay case optimal code rate allocation in BC mode 3,/34 = 0.276
shows better performance when compared to the equal code rate allocation in BC mode
Bv/Bar = 0.5. Furthermore, if channels quality aren’t equal to each other, for instance
hsr = 1,hsp = 10 OF hsg = 10, hsp = 1, and considering the erroneous data at the relay
it is seen that

the optimal code rate allocation in BC mode 3,/34 = 0.327 Or  3,/84: = 0.15, ShOws

better performance than equal code rate allocation.
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In addition considering the 10~> value of PEP we see that the optimal code rate
allocation has 1 dB better performance compared to equal code rate allocation, and

optimal power allocation has 0.75 dB better performance compared to equal power
allocation.

Table 4: Optimal power/Code rate allocation for single relay-cooperation
Op‘mmum Relayed h’SDZI:hSR[I — 10]:h'RD[1 — 10]
Allocation Data hsr > her hsr <hgp hsr =hgp hgp=10 hpp=1
[nfc"lotd B =0212F; | B =016 By
Boror. - - B =0788 Py | B =084 Py
Power EFR.
Inchde | F, =0087 Fy | B =09045F; | B =04 Py
oo | B,=0913 By | B, =009549 Py | B, =06 Py
CodeRate | Tnclude | =0.15 Bz G =0327 By | B, =0.267 By
—a— EFR - Eqaul Power F't.f'F' =05, hF'.I:: =1
—+— EFR - Optimal Power P /P = 0.375 . hgp =1
ER - Eqaul Power P /P =05, hgp=hg, =1
—+— ER - Optimal Power P /F=04, hg,=hy, =1
ER - Eqaul Power P /P=05, hg,=18&hy, =10
—p— ER - Optimal Power F't.f'F' =0.087 , hSR =1& hRI:: =10

PEP

107

PNR

Fig. 25: Comparison of the PEP for MPSK (M =2) modulation for EPA with
OPA of both the EFR case and of the ER case.
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—&— Egaul Code Rate B /B=05 hgy=hg, =1
Eqaul Code Rate B /B =105, hgy =1 hy, =10
Optimal Code Rate B, /B = 0.276. hg, = hpp =1

—&— Optimal Code Rate B /B = 0.327. hgp =1, hy, =10

—+— Optimal Code Rate p /B = 0.15, hgp =10, hyp =1

Et::::

PNR 5

of ER.

Fig. 26: Comparison of the PEP for MPSK (M =2) modulation for ECRA and OCRA
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CHAPTER 7
CONCLUSIONS AND FUTURE WORKS

In this thesis, we have developed and analyzed a cross-layer agenda for exploiting the
cooperative communication systems in wireless networks. In particular, we have
designed new relay nodes selection scheme across the data link layer that can increase
network throughput, connectivity, and delay reduction, quick relay node selection. On
other hand, we have designed new relay nodes selection scheme across the physical
layer that can increase spectral efficiency, diversity order, and reduce bit error rate and
outage probability. Furthermore, we obtained optimal power allocation and code rate
allocation that can reduce bit error rate.

The main conclusions and suggested future work for each part are summarized
below:
¢ In chapter 3, we have proposed a cooperative MAC protocol for decentralized

DWN in which the proposed schemes consider the best single or multiple
relays selection, delay, and collision avoidance. We also investigated a BTF;
when the channel parameters between the relay and destination are bad, a
longer time will be associated with the relay and vice versa. We have
demonstrated that connectivity in the cooperation is improved which results in
an increased node degree. Finally, we have shown that employing cooperation
leads to higher delays and decreased the throughput of a DWN.
e Possible future work for this chapter

o In future work, we can reduce the delay by using a different frequency
channel for source and relay nodes through cognitive systems rather
than the single frequency channel that used by the source and relay
nodes for contention channel accessing based.

o Reduce transmission power of relay nodes through power control or
optimal power allocation to reduce the prohibited area that can improve
the throughput of the cooperative communication systems.

e In chapter 4, we have proposed a relay selection protocol for Cooperative
communication systems, namely MLSRD. The proposed protocol has been
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shown to be effective in providing both spectral efficiency and diversity gain.
We have verified the advantage of the relay selection in providing spectral
efficiency and diversity gain through analysis and numerical results. We have
observed that, if the selection criteria based on the maximum links from S - R
and R -D gives better performance compared to selection criteria based on the
maximum harmonic mean. In addition, we have considered the convolutional
distribution codes in our analysis which not considered in exiting work.
Possible future work for this chapter

o We will investigate the MLSRD for wireless ad hoc network, where the
selection is elaborated from relay selection to next hop and relay
selection jointly which can offer better performance for wireless ad hoc
networks.

o ltis also promising future work to develop a relay node selection for
cooperative communication systems based on cognitive channels. In
such, we selected relay node that already assigned unlicensed or
licensed channel.

o In the dense wireless network, source can have many intermediate
nodes that can be exploit for cooperation. In such, we can propose two
best relay nodes selection instead of single relay node selection for
contention free channel accessing based.

In chapter 5, we derived optimal power allocation formulas for cooperative
communication systems with single relay and employing distributed
convolutional codes. If the received data at the relay includes errors after
decoding operation it is not retransmitted otherwise it is retransmitted. We
found optimal power allocation in the BC mode and the MAC modes. It is seen
that optimal power allocation results is smaller PEP compared to equal power
allocation schemes. Next, we derived optimal code rate allocation formulas. It
is shown that optimal code rate allocation results in better performance than
both the equal code rate allocation and optimal power allocation.

Possible future work for this chapter

o Itis promising to develop joint optimal power allocation and relay node
selection or code rate allocation and relay node selection.
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