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Abstract

Low data rate, reliable wireless connectivity among inegdee fixed,
portable and mobile devices is needed in some home autamatitus-
trial control, medical sensing, and reality applicatioBsich applications
are the subject of the IEEE 802.15.4 Standard, and requiveptawer,
yet reliable data transfer, but have reduced requirementiata rate and
throughput. Multihop relaying systems employing time dsity are pro-
posed for these applications. The performance of repetliersed relaying
with amplify-and-forward (AF) and decode-and-forward {Dd#fotocols
operating in Rayleigh fading is studied. Analytical exgiess for the
symbol error probability (SEP) of the system are derivedbfath AF and
DF relaying protocols. The repetition-based multihop $raission sys-
tems achieve diversity order equal to the number of repestwith AF
and DF relaying. It is shown that repetition-based DF relgysystems
achieve better SEP than repetition-based AF relaying syster medium

to large values of signal-to-noise ratio.
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Chapter 1

Introduction

There is no doubt that the world is going wireless - fasterrande broadly
than anyone may have expected. Future wireless systemsgeted to
provide users with higher quality of service (QoS) in terrhslata rates,
reliability, and robustness. Meanwhile, in order to achiezonomic fea-
sibility, cost-efficient system architecture should beldged. In order
to tackle the challenge, there has been an increasinglyestttrom both
academia and industry. Using multiple antennas at the nréies and

receiver in a wireless system can mitigate channel impaitsnsuch as
multipath-induced fading. Multiple-input multiple-outp(MIMO) tech-

nologies have provided an opportunity to significantly ioy® the relia-
bility and capacity of wireless communication systems. e, due to
size, cost, or hardware limitations, it may not be practioalsome wire-
less networks.

Cooperative communication has emerged as a new class oidgees
which allow single-antenna mobiles to reap some benefits IM®1sys-
tems. The basic idea is that single-antenna mobiles catecaedartual
MIMO system by sharing their antennas. Cooperative comoatioin sys-
tems achieve higher data rates, wider coverage and bestairsable QoS.
Yet, they eliminate the need for physical employment of ipldtanten-

nas at the transmitter and/or receiver as required in MIM&e3ys. Relay
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channels are the building blocks of cooperative commuitina® he clas-
sic relay channel consists of a source, its destinationaaethy. Depend-
ing on the structure of the relays, the two most common retagrotocols
are amplify-and-forward (AF) and decode-and-forward (DIR)AF re-
laying, the relay simply amplifies its received signal andMards it to
the next terminal. In DF relaying, the relay decodes its ikecksignal,

re-encodes the signal and then forwards it.

1.1 Thesis Motivations and Contributions

Multihop relay networks achieve broader coverage, lowargmit power
and reduced interference over single-hop networks [1]—[d]addition,
such networks also achieve distributed spatial diversignthance the sys-
tem performance. Much focus in the wireless industry has lo@ecom-
munication with higher data throughput, leaving out a sedpgdlications
requiring simple wireless connectivity with relaxed thgbput and la-
tency requirements. On the other hand, in December 20008 New
Standards Committee (NesCom) officially sanctioned a nek tgoup
802.15.4, which is designed for a low-rate wireless persarga network
(LR-WPAN) standard. This group was aiming at providing andtad
with ultra-low power, cost, and complexity for low-dataeavireless con-
nectivity among inexpensive fixed, portable, and movingiaks: IEEE
802.15.4 is designed to be useful in a wide variety of appbioa, includ-
ing home automation and networking, industrial control amahitoring,
and medical sensing which have more relaxed throughpuireegants
and require lower power consumption than is currently mtediin ex-
isting standard implementations [5],[6]. For applicaiallowing more
latency, multihop network topologies provide an attraziternative for

home coverage since each device needs only enough powesdnsitiv-



ity) to communicate with its nearest neighbor.

In conventional multihop transmission systems, each ralaply pro-
cesses the signal received from the immediately preceeimginal and
then forwards it to the next terminal. Previous studies reh@vn that
such multihop transmission systems employing AF and Dfyiredeschemes
do not offer diversity order gain [7], [8]. A solution to olméng diversity
gain is to employ receiver diversity combining at the relalisis concept
forms the basis of the multihop diversity system propose@jn In an-
other approach to achieving diversity gain, the authord @ fleveloped a
selective DF relaying protocol based on a threshold tedieapfo the re-
ceived signal-to-noise ratio (SNR) at each relay. The tegu[9] and [10]
show that multihop diversity systems with fixed AF relayimglaelective
DF relaying achieve full diversity order (i.e. diversityder equal to the
number of hops). However, such multihop diversity systeetgiire the
channel state information (CSl) of all preceding termirtalemploy co-
herent detection using maximal ratio combining (MRC) at thlays as
well as at the destination. This requirement will imposeviyeaverhead
at the relays and propagating channel estimation errotsesililt in per-
formance degradation, especially when there is a large ruoftrelays.
In addition, there could be situations where the relays ctreceive the
signals from all preceding terminals. For example, whenrdmesmissions
from the source to some relays are blocked by large buildingshen the
links between relays suffer from deep fading. In such chaangron-
ments, receiver diversity combining cannot be exploitély.fu

As mentioned above, the constraints of the LR-WPAN standaqdire
the design of relays with low-complexity and high reliatyilio sustain a
communications link with the least amount of overhead. Bressmul-
tihop diversity systems can achieve diversity order eqoahé number

of relays; however, each relay must estimate the chanrainration and
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employ MRC, which makes these multihop diversity systenfeasible
in these applications. Therefore, our motivation here idaeelop simple
multihop systems which can achieve diversity without impgdurther
processing (on top of amplification) at the relays. In thissik, we pro-
pose a simple multihop diversity relaying scheme based petiteon. In
the scheme, time diversity is achieved via multiple trarssimons of the
same packet. In the AF relaying system considered here olnees re-
transmits the same signal in every three time slotdf¢imes to avoid the
interference from the neighboring terminals. In DF relgysystems, the
source re-transmits the same signalirconsecutive time slots. We con-
sider the following scenarios. 1) Each relay has (or exp)ahly knowl-
edge of the average link SNR of its immediately preceding. liNeither
instantaneous nor statistical CSI are known (or exploitgdhe destina-
tion. 2) Each relay has (or exploits) only knowledge of th&amtaneous
CSI of its immediately preceding link. The destination has&xploits)
global CSI knowledge of all links. Our goal is to develop effee low
complexity detection schemes for these scenarios.

In the first scenario, square-law combining (SLC) is emptbya the
AF relaying system, each relay amplifies its received sigithl fixed gain
and then forwards it to the next relay, and the destinatiopleys SLC of
the received signals from the repetition time slots. In the DF relaying
system, each relay detects the received signal based ontg8lforavards
the estimated signal, and the destination employs SLC dsélcond sce-
nario, the AF relays amplify the received signal with valéabain, and
the destination employs MRC. In the DF relaying system, eatdy as
well as destination employs MRC to detect the received sidina shown
that both the repetition-based AF relaying systems and thedlaying
systems achieve diversity order equal to the number of itepet. Our

results will show that the repetition-based DF relayingtays achieve
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better error rate performance than the corresponding Adyired systems

in medium to large signal-to-noise (SNR) regions.

1.2 Thesis Outline

This thesis is organized as follows. In Chapter 2, the basicepts of
MIMO technology and cooperative communications are caleréhen
we review previous works related to this thesis. The topi¢ch@se works
include the system models, performance evaluation, andresefficient
receivers of different multihop relaying systems. We theappse and dis-
cuss the system model of repetition-based multihop systen@hapter 3,
a detailed study of repetition-based multihop systemsawithransmitter
CSl is provided. The symbol error rate performance is ddriee both
AF and DF relaying schemes. The advantages of repetitisaebenul-
tihop systems over traditional multihop communicationteyss will be
summarized. In Chapter 4, we consider repetition-basetimplsystems
with transmitter CSI. Corresponding mathematical analysiconducted
thoroughly for this model. Both the theoretical analysid #re numerical
results have shown that the proposed system can achiews petfor-
mance than previous existing multihop relaying systemh \e$s system
and terminal level complexity. Chapter 5 concludes theishasd gives

ideas for future research.



Chapter 2

Background and Literature
Review

2.1 Cooperative Communication Basics
2.1.1 MIMO - Multiple Input Multiple Output Systems

Unlike wired networks, which have a fixed communicationastructure,
wireless communication systems suffer from the deletsraftects of fad-
ing. There are two types of fading: large-scale fading is ugath loss
from signal shadowing by large objects such as buildingdulisj and is a
function of location and distance; small-scale fading ie tiuthe construc-
tive and destructive interference of replicas of the trattech signal re-
ceived from the multiple signal paths between the transmattd receiver.
In order to mitigate the performance degradation due tanfgdinultiple

antennas at the transmitter and/or the receiver can badintedl. It has
been shown that multiple-input multiple-output (MIMO) $ys1s can sig-
nificantly reduce symbol error probabilities and achiewghkr data trans-

mission rates. The advantages of MIMO systems are givemtjélo).

e Array Gain
Array gain is defined as the increase in received signabtserra-

tio (SNR) that arises from a coherent combining of the sigadla
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receiver. In a MIMO system this can be realized through apptd-
cessing at the receive antenna array and/or spatial poessmng at
the transmit antenna array. Array gain improves resistémoeise,

therefore improving the coverage area of a wireless network

Diversity Gain

Diversity gains can be achieved by providing the receivehn wiul-
tiple replicas of the transmitted signal which are assuroduktin-
dependent of each other in space, frequency, or time at tiedves.
With an increasing number of independent replicas, the giyibb
ity that at least one of the copies does not experience a @delep f
increases, thereby increasing the quality and reliabaftgommu-
nication. A transmission scheme is said to achieve diweosderd

if the probability of error,P.(SNR), as a function of SNR satisfies

logP.(SNR)

ML logSNR U 1

A MIMO system with M transmit antennas and i receive anten-
nas, can theoretically provide/; * My independent copies of the

transmitted signals. This results in a diversity ordentyf « Mp.

Spatial Multiplexing Gain

MIMO systems offer a linear increase in transmission rateugh
spatial multiplexing (SM) for the same bandwidth. A transsimon
scheme is said to achieve multiplexing gaiif the data rate (bps)
per unit hertzR(SNR), can satisfy

R(SNR)

SNRoo logSNR (22)

The maximum of SM gain equals the number of transmit-receive

antenna pairs or min\{(r, Mz).



¢ Interference Reduction
Multiple user interference is a key performance limitatinrwire-
less networks. Interference may be mitigated in MIMO systém
exploiting the spatial dimension to increase the separdde@ween
users. The spatial dimensions may be used for the purpos@eif
ference avoidance, by directing signal energy towardsritended
user and minimizing interference to other users. This is kewn

as antenna beamforming.

However, due to size, cost, and hardware limitations, mpheltanten-
nas may not be feasible for some practical wireless netwdekamples
include mobile handsets (size) and the nodes in a wirelesosaetwork
(size, power). Recently, the concept of cooperative comaoation has
been proposed to allow a single-antenna handset to reapetiedits of
MIMO systems. In a cooperative communication system, shagitenna
mobiles can create a virtual MIMO system that allows themdieve
transmit diversity by sharing antennas belonging to midtysers within
the network. This eliminates the need for physical deplayméantennas
at the transmitters and/or receivers, which significargtiuces the system

cost, complexity, and especially the size of the receivers.

2.1.2 Fixed Multihop Relaying Systems

Relay channels are the building blocks of cooperative comaoation. The
classic relay channel consists of a source, a destinattmhaaelay that
assists the source by relaying its message to the desthinafibere are
two main categories of relays, decode-and-forward (DF)aanglify-and-
forward (AF) relays. In systems with DF relays, the relay atks its
received signal, re-encodes it and then re-transmits. stesys employ-
ing DF relaying considered in this thesis, we focus on thepkest DF

protocol, i.e., un-coded DF, in which each relay demodslétereceived
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signal, re-modulates and then forwards. On the other hasgstems with
AF relays, the relay amplifies its received signal and thetnaiesmits it.
The amplification gain at each relay can be categorized imtotypes,
variable-gain and fixed-gain. In variable-gain AF relayBygtems, it is
assumed that instantaneous channel state informatior) (€&hown at
the receiving terminals, and the amplification gain at eaahyris the
transmitted power over the received power at that relay.xedfigain AF
relaying systems, the amplification gain is fixed and doegseumtire the
knowledge of instantaneous CSI at the relays. Generaéyamhplification
gain at fixed-gain relays can take any arbitrary value [7]practice, it is

mostly chosen to satisfy the average power constraint aethg.

2.1.3 Selective Multihop Relaying Systems

As we might expect, and the following analysis confirms, fixs€ re-
laying is limited by the direct transmission between thercewand relay.
However, since the relays can explore the fading coeffiaisirtg certain
channel estimation measurements, they can adapt tranemiszsed on
threshold tests on the received signal-to-noise ratio (SNRs observa-
tion suggests the selective relaying proposed in [10]. dftttal instanta-
neous received SNR at théh relay terminalf,, k=1, ..., K, isabove a
certain threshold,, that relay will forward what it receives, using either
AF or DF. However, if the received instantaneous SNR atkttierelay
falls below the threshold, the source terminal repeatdgtsas at the next

time slot.

2.2 Related Work

Cooperative networks for cellular environments were fisstsiddered and

analyzed by Sendonaris et al. In [1],[2], the implementatd user co-
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operation in a three-terminal CDMA system was proposed. mbéts
of cooperation were demonstrated in achieving higher dda&syand less
sensitivity to channel variations. However, some asswnptisuch as the
ability of full-duplex operation and the availability of C&t the transmit-
ters, make it difficult to put the proposed protocol into pice Coopera-
tion in ad hoc networks was studied in [12], [13]. Various pertive pro-
tocols based on AF and DF relaying were proposed, and thgin@stic
outage probabilities in Rayleigh fading were evaluatedwds assumed
orthogonal time or frequency channels are allocated to eade to en-
sure half-duplex operation. It was also assumed that CSilisavailable
at the receivers.

Since then, research in the area of cooperative commuubidadis been
very active. Cooperative systems with different numbersetdys and
types of processing and detection at the relays and dastinadve been
developed and evaluated in terms of various performanceasesuch as
error probabilities and ergodic capacity. In the followigher literature

reviews related to the systems considered in the thesis\ae.g

2.2.1 System Configurations and Features

A wireless cooperative system configuration employing ayialy pro-

tocol imposes different requirements on the wireless teaihardware
capabilities, channel availability, and system resourteshis thesis, we
focus on the two common relaying system configurations, hgmmeulti-

hop relaying systems and multihop diversity systems. Isydtems con-
sidered in the following, it is assumed that the relays deeo&er inde-
pendent, not necessarily identically distributed Rayideding channels
in the half-duplex mode. The fading gain of the channel betweslay
terminalsl; and7j is denoted byy; ; and is modeled as a zero-mean com-

plex Gaussian random variable with varianrfg. Moreover, we assume

10



additive white Gaussian noise (AWGN) with zero mean ancaveneV,, at
each relay node. The instantaneous SNR of the channel betemmeinals

T; andTj is then defined as; ; =

1y 4|* and is an exponential random
variable with mean valug; ; = %0—2, where P, denotes the transmitter

energy at termindl’;.

2.2.2 Multihop Relaying Systems without Diversity

In conventional multihop transmission systems, each releyply pro-
cesses the signal received from the immediately preceeimginal and
then forwards it to the next terminal in the next time slot.

In recent years, many research works have been devoted ftar-per
mance analysis of multi-hop communication systems emptpglifferent
relaying protocols. In [8] and [14], the authors studied dkierage bit er-
ror rate (BER) and outage probability of dual-hop transmissystems
with DF relaying, AF variable-gain relaying, and AF fixedigaelaying,
over flat Rayleigh-fading channels. A closed-form exp@s$or the av-
erage BER of an AF dual-hop system with a fixed-gain relay atpey
over Nakagamin fading channels was derived in [15]. A general ana-
lytical framework was proposed in [16] to evaluate the oatpgobabil-
ity of multihop communication systems with AF variable{gaglays over
Nakagami fading channels. Performance bounds of multitamsimission
systems with AF fixed-gain relays over generalized fadirgnclels were
derived in [17]. The performance of AF multihop relaying teyss (both
variable-gain relays and fixed-gain relays) operating ikRdgamisn fad-
ing was evaluated in terms of lower bounds in [18]. HoweVes, gerfor-
mance bounds given in [17] and [18] are not tight, especfallynoderate
to large values of signal-to-noise ratio (SNR). In [19], #uthors obtained
a new general framework for evaluation of the error proliiadslin terms

of the moment generating function (MGF) of the inverse of theeived
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SNR. In [20], the outage probability is given in closed-foexpressions
for different multihop diversity systems.

Consider aK-hop wireless transmission system as shown in Figure
2.1 in which a source nodé}, transmits its information to a destination
node, T, with the help of X' — 1 half-duplex relay nodes denoted by
T1, T, ..., Tk _1. In general, thék — 1)th relay terminal}_,, transmits
signal,z,_1, in thekth time slot, and the received signal at the immediately

following T}, terminal,y,, is given by
Y = Qg1 ,Th—1 + 1k, k=1,... K. (2.3)

In a multihop transmission system with DF relaying, ; is an estimate
of the transmitted source signak, at the(k — 1)th relay. In a multihop
transmission system with AF relaying, thth relay amplifies its received
signal by a gairsy, i.e. ;, = Sry,. In systems with variable-gain relays,

By is given by

Py
B = : 2.4
g Py_1|ag—1%*> + No (24)

Therefore, the instantaneous received SNR in an AF mulslgefem with
an arbitrary number of variable-gain relays is given by Hd, (2)]

K-1

w=(la+ ! )—1)_1. (2.5)

=0 Vi, i+1

Note thatyx in (2.5) can be well approximated by the bound [16, eq. (4)]
K-1

=

i—o i+l

) (2.6)

IA

VK

especially for sufficiently large values of SNR. In systenithviixed-gain

relaying, the amplification gain at thieh relay is given by

Be= ) —D (2.7)



QaOa0OR

Source N Destination
Relays

Figure 2.1. ConventionalK-hop transmission system.

Note that the choice of the relay amplification gain in (2.@$@es that
the average power constraint at the relay is satisfied. Tétantaneous
received SNR in an AF multihop system with fixed-gain relaygiven
by [19, eq. (16)]

K-1 1
- ( Yk> (2.8a)
k=0
and
k
Y = G, (2.8b)
o i+l

whereC, = 1 andC,; = % are constants for a fixed gai@;.

2.2.3 Multihop Relaying System with Diversity

Previous studies show that such multihop transmissioesysemploying
AF and DF relaying schemes do not offer diversity order g&jii14], [16].
A solution to obtaining diversity gain is to exploit the bdmast nature
of wireless networks and employ diversity combining at thlays. This
concept forms the basis of the multihop diversity systenppsed in [21].
Figure 2.2 shows &’-hop diversity transmission system. In the system,
the source terminal initiates transmission by broadcgstisignal in the
first time slot. Each relay terminal can receive the signadsfall pre-
ceding transmitting terminals, combine them using maxiraéib com-
bining (MRC) diversity, and process the combined signalibyee ampli-
fying or decoding before retransmitting it. In general,he kth time slot,
13



k=1,..., K, the(k — 1)th relay transmits signal,_; and consequently

its following relay terminalsyy, Ty, 1, . . ., Tk, receive
yi(k_l) = Ok—-1,;Tk—1 + n;, 1= ka CII) K (29)

whereyi(’“_l) denotes the signal received signal from the— 1)th relay
at theith relay terminal. The signals at ti¢h relay received through its
preceding terminalg,”, ", ..., 4%~ are combined using MRC diver-
sity and then in order to generatg to re-transmit in the next time slot,
the combiner output is either decoded and re-encoded, olifaadp In
systems employing DF relaying, we focus on the simplest D&yneg
protocol, i.e. the un-coded DF [22], in which each relay dduoiates its
combiner output, re-modulates it and then forwards. Th&maneous
received SNR at théth relay terminalg = 1,..., K is X}, = Ef;ol Vik
wherey; ,, = %aﬁk denotes the instantaneous SNR over the link between
the ith andkth terminals in whichP; is the transmitted power at thieh
relay terminal. In addition, note that in a DF multihop dsiégy system
each relay terminal requires knowledge of the CSI of its @l linkg,
that is, relayk needs to know: fading gains.

In systems with AF relaying, the amplification gain used ahelay
is the quotient of the transmitted power and the receivedspaithat relay
[21]. In addition, the weight factors of the MRC combiner ateeminal
in an AF multihop diversity system are obtained assumingtti&noise
components of the signals received at that terminal areruglated. The
received SNR at théth terminal is given by

k—1

Vi = Yok + Z Vik (2.10a)

J=1

In the thesis, adjacent links means links directly conrtetrighe terminal.
°Note that the propagation noise terms received at a terrfrioral its preceding ter-
minals are not independent, in general [21].

14



where
T = wﬁvfk%u - (2.10b)

Note that in an AF multihop diversity system each relay taahrequires
knowledge of the CSI of all its preceding terminals for thepbsgment of
a MRC scheme, that is, reldyneeds to know“"!) fading gains.

However, the performance of multihop diversity transnuesystems
employing fixed DF relaying strategy is limited by the dirg@nsmission
between the source and the first relay terminal. Lanemanpiicgiosed
the idea of selective relaying in [13]. In the paper, the atgldescribed
selective relaying corresponding to adaptive versionsfobAd DF, both
of which fall back to direct transmission if the relay candetode. They
also discussed the performance of selective decode-amauftbin a dual-
hop relaying system and showed that it enables the coopgriaiminals
to exploit full spatial diversity and overcome the limitats of fixed DF
relaying. Farhadi and Beaulieu extended the selectivgirgjgorotocol
to multihop scenarios and discussed the performance ofdai¢ictive AF
and DF relaying [20]. It was shown that a multihop diversrgnismission
system employing selective AF relaying performs worse gymtems em-
ploying the fixed relaying protocol. However, the resultewtthat the
relay terminals in selective AF relaying systems use lessat(most equal)
power as those in the corresponding fixed AF relaying systedrsthe
other hand, a multihop diversity transmission system egiptp selec-
tive DF relaying protocol achieves diversity order equath® number of
hops without the need for additional resources (i.e. powedtandwidth).
However, such multihop diversity systems require the CSllgireceding
terminals (both adjacent and non-adjacent terminals)eatdlays as well

as at the destination.
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Figure 2.2. The K-hop diversity transmission system.

2.3 Repetition-Based Multihop Systems

The IEEE 802.15.4 Standard requires low power, yet relidata transfer,
but has reduced requirements on data rate and throughpetm@m fea-
tures of the standard are network flexibility, low cost, ama power con-
sumption. As mentioned earlier, the existing multihop yglg schemes
impose complex and costly processing tasks at the relayshwhakes
such multihop diversity systems unfeasible in these agfins. In this
thesis, multihop relaying systems employing time divgraite proposed
for these applications. Simple distributed multihop déigrrelaying based
on repetition is investigated. Our proposed scheme opsebaised on mul-
tiple transmission of the same signal from the source. In&&ying, for
the special case of a dual-hop relaying system, the sowtransmits the
same signal in every two time slots. In gener&l & 3), the source re-
transmits the same signal in every three time slotdfdimes. Therefore,
the repetition scheme maintains the half-duplex operatidhe relays and
also avoids interference signals that would be reflected ftee following
terminals forwarding their signals at the same time slotDFrelaying,
the source re-transmits the same signdbinonsecutive time slots.
Figure 2.3 shows d-hop repetition-based multihop system where

each relay receives the signal transmitted from its immeblligoreceding

16



terminal. In our proposed scheme, the source re-transha@tsame signal

in order to exploit time diversity. In particular, the fadigain of the chan-
nel between terminals,_; andT}, over the duration of théth repetition,
d=1,...,D,is denoted byy, ; and is modeled as a zero-mean complex
Gaussian random variable with variangge Moreover, we assume ad-
ditive white Gaussian noise (AWGN) with zero mean and vaéaN, at
each relay node. Therefore, the instantaneous SNR of timehbetween

terminalsT},_, and7}, at thedth repetition is defined ag, ; = P]@'—;l|ak7d|2

and is an exponential random variable with mean valye= P]"'Vgla,ﬁ,
whereP,, k =0, ..., K — 1 denotes the transmitter energy at termifial

It is assumed that the CSl is only known at the receiving teafsi Thus,
the total powerPr, is allocated to each terminal according to a uniform
power allocation policy. Thus, we havg, = f—g in the special-case of

dual-hop systems anf}, = << ; in systems withi’ > 3.

K+3(D—1
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Time slot 9 T, fwd
(b)

Figure 2.3. Repetition-based(-hop transmission systems employing (a) AF re-
laying, and (b) DF relaying.
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Chapter 3

Repetition-Based Multihop
Systems Without Transmitter
CSl

Most previous works on multihop relaying systems have beeaded on
receiver structures whose operations require perfectnehestate infor-
mation (CSI) at the destination for coherent detection. Elmv, chan-
nel estimation is a complex and costly task in fading envirents, es-
pecially in fast fading channels. In such fading channeldations, it is
more practical to develop noncoherent detection techsidat require
no instantaneous CSI knowledge. While there have beenadestedies
on the use of noncoherent detection in multi-relay AF and Béperative
systems [23]—[27], there has not been any investigationootoherent
multihop relaying systems with an arbitrary number of relay

However, the conventional AF and DF relaying systems (evih w
coherent detection) do not increase diversity order [28h tRe other
hand, the multihop diversity systems proposed in [10] arld fan in-
crease diversity order but require knowledge of the instagbus CSI at
the relays as well as at the destination, which makes theeasitfle in
low-power-low-complexity applications as mentioned earlMeanwhile,

it is well known that repetition coding is effective in contimg Rayleigh
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fading [29]. In this chapter, we develop new repetitiondshaoncoher-
ent AF and DF multihop relaying systems based on squaredawbming
(SLC) at the destination. In particular, in our proposecdescés, the des-
tinations requires neither instantaneous nor averageT@8lrelays in the
proposed DF systems do not require any CSI. The relays infey/stems
only require knowledge of the average link signal-to-no&® (SNR) of
their immediately previous link to adjust their amplificatigains. How-
ever, the average CSI can be locally obtained at each refayJB. 6]. It
is shown that the repetition-based multihop systems withéd&ying and
DF relaying can achieve diversity without imposing anyHiertprocessing

(on top of amplification) at the relays.

3.1 AF Relaying
3.1.1 System Model

In our proposed AF relaying system, the source re-tranghgtsame sig-
nal in every three time slots fdp times; thus, the repetition scheme main-
tains the half-duplex operation at the relays as well asdsvttie interfer-
ence from the neighboring terminals. The source initiat@sraunication
by transmitting the signat,. Lety, , denote the received signal at the
relay terminal, T}, at thedth repetition stageJ = 1,..., D. Then, in an
AF relaying systemy;, 4 is given by

Yid = Br—10k,d¥k—1,d + Mie.d (3.1a)

wherefpy =1, 6k, k=1, ..., K — 1, is the amplification gain factor at the

Py
Y
Br = TR (3.1b)

Note that the choice of the relay amplification gain in (3.&b¥ures that

kth relay given by [10]

the average power constraint at the relay is satisfied [28], [The signal
20



received at the destination at tiiih repetition is given by

K K-1 K
yKdZIIﬁmﬂ%@%+-E II Bi—10janka+ngd, d=1,...,D.
k=1

k=1 j=k-+1

(3.2)
The destination then employs a square-law detector. Witloss of gen-
erality, we can assume that the first symbol from the coragteti is trans-
mitted. The square-law detector output for thth symbol at thelth rep-
etition is given by
( K
|2 I] 5k—1@k@f%

k=1
-1 K

K
+ > Bj—10,4Uk1 + U %,
k=1 j=k+1

K-1 K
Z H 5j—1aj,dUk,m + UK,m|27
k=

m=1
1 j=k-+1
L m=2,....M

wherelUy,,,k=1,...,K,m=1,..., M, is a zero-mean complex Gaus-
sian random variable with variandé’, V, [31]. After D repetitions, the

destination combines the outputs of the square-law deatasto
D
Zp =Y Vam, m=1... M. (3.4)
d=1
The destination decision rule is

(1] ::arg7n£2an4{£Zn} (3.5)

.....

wherem is the detected symbol. Note that it is assumed that the helay
knowledge only of the statistical channel information.(iszerage CSI);
no channel estimation bits need to be reserved in the patketnumber

of time slots required to complete communicatiotis+ 3(D — 1).
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3.1.2 Symbol Error Probability

Suppose the first symbol from the signal constellation ig.s&hen 7,
contains signal and noise, whilg,,, m = 2,..., M, contains noise only.
An erroneous decision occurs if aidy,, m = 2, ..., M, is larger thary;.
Therefore, the average symbol error probability (SEP) obacoherent

AF multihop relaying system with/-FSK is given by

P.o=P(Zi < max {Zn}). (3.6)

-----

Note thatVy,,|v24, - - ., Vx4, d = 1,..., D are independent exponential

random variables with parameters given by

r K-1 K K
1PNo(14 5 I 441y ] 2) & L,
k=1 j=kt+1 2" k=2 Rt d
m=1
Ndm = P (3.7)
1PNo(1+ % I1 F4) 2L,
h=1 j—kt1 O Hd
L m=2...,M

whereC, 2T, + 1,k =1,..., K — 1. The average SEP in (3.6) is then

evaluated as

.....

P.= By {PZ < max {ZnHyea)} (3.8)

-

whereE{-} denotes the expectation operator gnd = [Y2,1, .- -, V15 - - -5 V2.0, - - -

is a vector of the instantaneous SNRs received over the cblagnels at
different repetition time slots. The conditional error pability P, , is

obtained as

= (M — 1)PT(Z1 < Z2|’)’k7d)Pr(Zg < ZQ, cey ZM < Z2|'ch,d)-
(3.9)
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Then, we have

Pe"}'k,d = ([\4—1)/ PT<Zl < Z‘Zz = Z,'Yk,d)Pr(Z3 < Z|Z2 = Zy')’k,d)M_2fZQ\’yk7d<Z)dZ
0
(3.10)

where (3.10) follows becaus®, . . ., Z,, are independent identically dis-
tributed (i.i.d.) random variables, anf,,, ,(z) is the conditional proba-
bility density function (PDF) of7,. SinceZ,, = f: Vim,m=1,..., M,

is the sum ofD independent exponential randdgrln variables with pairwise
distinct parameters, for m = 1, andu, form = 2,..., M. The condi-

tional pdf of Z,, is given by

D D A\
H)\,Z (A2 s,
=1 j=1 [T (w=2j)
k]
k=1
m =1
me\'m,d(Z) =93> D (3.11)
[T iy 522 2 >0,
i=1 j=1 [T (kx—ny)
K
k=1
\ m=2,...,M
Therefore P, , can be evaluated as
D D
P =3 e
J=1 k=1 no+...4+np=M-2
0 D
(2 (5 0) I
’ = i=1
[ : ! } (3.12a)

23



where

- HA H (e — ) (3.12b)

i#£j  k#j
=1 k=1
D 1
= H T — (3.12¢)
iz T (e — 1)
=y
k=1
H I E— (3.12d)
H (1x — 125)
2

where we have used the multinomial theorem [32]. The speecisé of

binary orthogonal FSK (M=2) is given by

€|’ka :Zzejg [ ‘1|‘>\j . (3.13)

7=1 k=1

Unfortunately, exact evaluation of the expectation in 3egjuires multi-
fold numerical integration which is very involved, if not passible. Note
that evaluation of (3.8) using the approximation based enlLtaguerre
polynomials [32, eq. (25.4.45)] as in [26, eq. (9)] is conghianally cum-
bersome due to the number of nested summations that growgséind
D. However, the average SEP in (3.8) can be efficiently evatlasing
the Monte Carlo method.

3.1.3 Achievable Diversity Order

As mention in Section 2.1.1, the diversity ordéfs a measurement of
how many independently fading signal replicas are combatetthe re-
ceiver. The higher the diversity order, the more robust trstesn would
be against the fading effects. The asymptotic behavior ®3BP given
in (3.8) can be used to determine the achievable diversityrasf the pro-

posed repetition-based noncoherent AF relaying systemtoging SLC.
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However, this is not tractable due to the mathematical fofrthe error
probability in (3.8). Thus, we will derive a simple upper Inouon the
error probability. Note that the conditional binary probpin an AF

relaying system, denoted here By, ,(D), is given by

Py, (D) = P(Zy — Z1 > 0|yk,4)

= P(X >0) (3.14a)
where the random variabl¥ is defined as
D
XE&7Zy—=Z1=) (Vazr—Vay) (3.14b)
d=1

where£ denotes “is defined as”. The Chernoff bound on the binaryrerro
probability can be obtained using [30, eq. (14.4-60)]

4¢2¢22 D
where
) K-1 K ’}/ K ’Y]ad
di=2mNo(1+ 30 [T &= +n ]l &) (3.15b)
k=1 j=k+1 k=2 k-1
2PN, (1 ST
o =2RNo(1+) [] &%) (3.15c)
k=1 j=k+1 I71

The error probability for the noncoheremf-FSK AF multihop relaying
can be upper-bounded by the union bound [30, Ch. 5], namely

Popyy < (M = 1)Pypy, (D). (3.16)
Thus, we can write
4p7p22 \D
< (=== . .
Pamea = ( e (@2) (3.17)

Then, an upper bound on the SEP is obtained as

()"

/ / ;ﬁﬁ: ) ﬁﬁfwm dy,,|-  (3.18)

k=2 d=1
(K 1)D—fold
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The multi-fold integral in (3.18) has no closed-form sabuti However,
since its integrand is in terms of smooth well-behaved fionstfor diver-
sity order analysis, we can use the numerical integratiahaoakn [32, eq.
(25.4.45)] for evaluation of (3.18). Thus,

Np Np (K-1)D
P. < Z Z H
nm=1  ng_1)p=1 =1
163622 \ P
gnz(m> |“/kdk=:C;szJl()dI‘k (319)
d=1,..D

where&; and(; are the weights and zeros of the Laguerre polynomial of

orderN, [32, Table 25.9], respectively. Now note that

N 2

r, — SNRa (3.20)

p

and
2
lim Vi.d :én(jle)do-"
SNR—oo (1 0i 1

1=2,....K,d=1,...,D (3.21)

whereSNR = {Z andp = 2D in dual-hop systems angd= K +3(D —1)

in systems with more thairelays (< > 3). Then, we have

i ( 4¢3 p2? )D‘
m | =55 =Cnok—1yal’
SNR—o00 \ (¢2 + ¢3)2 %’dk:i_’f_’;{)d g

d=1,....D

/{(nl, e ,n(K_l)D)
3.22

SNRP ( )

wherek(ny, ..., n-1)p) is constant but depends on the channel param-

eters. Thus,

Np

M 1 Np (K-1)D
SNIE{IEOOPG%W Z Z H §ni/<a(n1,...,n(K_1)D).
n1=1 nx-1np=1 =1

(3.23)
Eq. (3.23) shows that the repetition-based noncoherenékalying system

achieves diversity order equal to the number of repetitions
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3.2 DF Relaying
3.2.1 System Model

In our proposed DF relaying system, the source re-transtaitsgnal to
the relay inD subsequent time sldtsin general, the received signal at the

kth relay terminal},, at thedth repetition stage is given by
Yk,d = Qk,dTr—1p T Nk.d (3.24)

wherex,, = =, andzy,, k = 1,..., K — 1 denotes theth symbol from
the constellation estimated at thth relay. The output of the square-law

detector employed at theth relay for thedth repetition is given by

20, 4Py + U 1?2, m =
k,{d,m}z{' e Ol g (3.25)

|Uk,m|2, otherwise.
After D repetitions, relayl;, computes the output of the square-law detec-

tor as
D
Zim =Y _ Viidmy- (3.26)
d=1

The decision rule at theth relay is given by

[p] = arg max {Zj.,} (3.27)
p=1,...M

wherep is the detected symbol at théh relay. Then, the relay re-transmits
the estimated symbaty ;, to the next relay terminal}.;, in the nextD
time slots. The destination employs noncoherent detecisimg SLC of
the signals received from the last relay in therepetition time slots and
then makes the final decision on the transmitted symbol. Timeter of
time slots required to complete communicatioki®. It is not needed to

reserve channel estimation bits in the packet transmission

Litis shown in [33] that if the source re-transmits the orajisignal in every three time
slots as in the AF case, the proposed system with DF relayngat achieve diversity
order gain without increased processing.
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3.2.2 Symbol Error Probability

For a DF multihop relaying system, the authors in [34] detia@ exact
expression for the end-to-end average bit error probglgBiEP), P,, using

a recursive relation. Using [34, eq. (3]}, is given by

Z(Pbk H 1—2Pbl> (3.28)

I=k+1
wherePF,, is the average BEP at thi¢h relay as a function of the average
link SNR between the terminals._, and7T}, I';. If all the links between
terminals are i.i.d with equal average received SNR, thgn= P,; and

the end-to-end average BEP can be simplified as
1
Pi=3 (1 (- 2Pbk)K>, V. (3.29)

This is a special case where the link SNRs are different dt kap. This
case is of interest [35] and leads to a more tractable matieahanaly-
sis. For consistency and comparisons with the other regattged in this
thesis, we need to convert BEP into SEP. The relationshipdeat SEP
and BEP for orthogonal MFSK is given by [36, eq. (8)]

2log2 M—-1

P, = P.. (3.30)

9logy M _ 1

Note thatV}, (4,1, k = 1,...,K —1landd = 1,..., K, are independent

exponential random variables with parameters given by

4PyNo(1+T%) = A =1
Mgy = 0No(1+ T'y) ky M (3.31)
4PON0 s sz,...,M.
Then, we have the decision variables atktterelay,Z ...k = 1,..., K,m =
1,..., M, are distributed according to a chi-square probabilityritistion
with 2D degrees of freedom, that is,
1t D= _z _
fzn(2) = {AKD(D e o e whom=t (3.32)
m exp(—;) m=4,...,
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The average SEP at tl¢h relay is given by [30, eq. (14.4-49)]

1 M-1 (_1)m+1 (M—l)

P., = m
F (D—l)! £ (1+m+mly)P
1+T !
m(D =1+ —E — 3.33
Z Bim( )<1+m+mfk> ( 3)

wheref,,, is the set of coefficients in the expression given by

m(D—1)

(DZ_I ) Z Beom" (3.33b)
k=

For the special case of orthogonal BFSK, can be simplified as

D—-1
1 1 4Ty
Py = Y (D1 . (334
= (D— 2+1“le:0[' 0! <2+rk) (3-34)

Using the relationship between SEP and BEP given in (3.3@)anm eval-

uate the end-to-end average SEP of DF relaying systems.

3.2.3 Achievable Diversity Order

Similar to AF relaying systems, an upper bound on the SEP akldying

systems can be obtained using

467,052 \P
Ppo<M-1)(+5—"=) k=1,...,K 3.35a
= )((%1 + <b2,2)2) ( )
where
Ony =2PyNo(1+Ty), k=1,... K (3.35b)
Gr o = 2Py Ny, k=1,...,K. (3.35¢)

Note thatP,, decays aW at large values of SNR. Therefore, the
average SEP in (3.35) decays(@ﬁ;}%v whenSNR — co. This indicates
that a repetition-based noncoherent multihop system whitindlaying also

achieves diversity order equal to the number of repetitions
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3.3 Simulation Results

In this section, we evaluate the performance of the repatibased mul-
tihop AF and DF relaying systems with both balanced linkisd(icase)
and unbalanced links (non i.d. case). We assume that CShikonawn

at the receiving terminal. Therefore, equal portions of tia@smission
power per symbolpP, are allocated among transmitting terminals, that is,
P = %P. In systems with balanced links, it is assumed that the re-
lay terminals are located equi-distant from each other dreggbit line of
lengthl. The average link SNR between the termiriéls, and7}, isT', =
1K°To,k = 1,..., K, whered is the path loss exponent aig = Nio is

the average link SNR between the source and destinationentdrans-
mission. In systems with unbalanced links, we assume tbdtthrelay is

placed at a distanc%l from its previous terminal on a straight line.

The average link SNR is given Hy, = %<(K‘2“,§)K>5F0,k =1,...,K.
In the numerical examples, we assuis and orthogonal BFSK modu-
lation.

Figure 3.1 shows the SEP versus relay location in differeiai-tiop
relaying systems assumiig = 10 dB with noncoherent detection. It
is assumed that the relay is located at a distanftem the source. It is
clearly seen from the curves that both the AF and DF relayysgesns
achieve better performance when the relay gets closer tmithdle of the
link. In particular, the optimal relay location that minimeis the symbol er-
ror probabilities is at the midpoint between the source aediestination
in repetition-based DF relaying systems. It is also seentki®aproposed
repetition-based transmission system performs worsedinact transmis-
sion if the relay is very close to the source or the destimatin addition,
DF relaying always attains better symbol error rate pertoroe than AF

relaying no matter where the relay is located.
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Figure 3.1. Symbol error probabilities for noncoherent BFSK dual-hggtams.

Figures 3.2 and 3.3 show the average error probabilitiesmtoherent
BFSK 3-hop relaying systems with balanced links and unlzadninks.
It is clearly seen from these figures that the simulationltesnatch pre-
cisely the theoretical results obtained using eq. (3.18)He SEP of AF
relaying systems and eq. (3.34) for the DF relaying systeltnis. seen
that both AF and DF relaying systems achieve diversity oetgral to
the number of repetitions, as shown in Sectikdhand Section 3.2.3. It
is also seen that noncoherent DF relaying systems achigndisantly
better symbol error probability performance than AF relgysystems in
medium to large SNRs. This implies that the noise amplificatn AF
systems in those regions has more severe effects than tirepeopaga-
tion in DF systems. In addition, observe that in small SNRaesg, the
square-law detection is very likely to result in noisy outptand hence

combining them does not result in performance improvement.
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3.4 Summary

In this chapter, new repetition-based noncoherent myitihb and DF

relaying systems were proposed. We studied the symbol protrabil-
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ity and diversity order performance in different repetitibased nonco-
herent multihop systems. The analytical results were eeriby com-

paring them with Monte Carlo simulation results. It was shdwat the

repetition-based noncoherent AF relaying and DF relayargachieve di-
versity order with no requirement for knowledge of chanmalesinforma-

tion. This makes them useful in low-rate wireless persored aetworks
(LR-WPANS), which require low power consumption and redlsgstem

complexity. It was also shown that the DF relaying schemésaels better
performance than AF relaying in medium to large SNRs.

33



Chapter 4

Repetition-Based Multihop
Systems With Transmitter CSI

As mentioned in Chapter 3, multihop diversity systems ne&tl @ all
links between that terminal and all its preceding termirflatth adjacent
and non-adjacent terminals) involved in the cooperatidre fequirement
will impose overhead in data transmission and propagativamicel esti-
mation errors will result in performance degradation. Ialiadn, there
could be situations where the relays cannot receive thealsdgrom all
preceding terminals, and are just in range of one terminal tane. In
such channel environments, we cannot exploit diversity @amg. In
the systems discussed in this chapter, we assume that daghas (or
exploits) only knowledge of the instantaneous CSI of its idmtely pre-
ceding link. The destination has (or exploits) global CSbwiedge of
all links. It is shown that repetition-based relaying syssewith coherent
detection also achieve full diversity order and bettergrenfince than the
corresponding systems with noncoherent detention, ascteghe There-
fore, the proposed scheme has less complexity while stdtioly diversity

order gain.
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4.1 AF Relaying
4.1.1 System Model

In AF relaying systems, the source re-transmits the samkepat ev-
ery three time slots, thus the repetition scheme avoidsrtexference
from neighboring terminals. In general, tiie— 1)th relay terminal}_,

transmits signak;_, 4 at thedth repetition staged = 1,..., D, and the

received signal at the immediately followifig terminal,y;. 4, iS given by
yltd = Oék,dxk—l,d + nhd, /{Z = 1, ey K (41)

whereqy, 4 is the fading gain of the channel between the- 1)th and the
kth terminal over the duration of théh repetition, modeled as a zero-
mean complex Gaussian random variable with variarfjceThe noise at
the kth terminal for thedth repetition,ny, 4, is modeled as zero-mean com-
plex Gaussian with powe¥,. The instantaneous SNR between terminals

P]}ifgl |ak’,d

T—1 andT}, at thedth repetition is defined ag, ; = 2 whereP,

denotes the transmitter power at #ta terminalk = 1,..., K — 1. Note

that~, 4 is an exponential random variable with megn= P]’“Vgla,ﬁ. Ac-
cording to the assumption of uniform power allocatiéh, = ﬁ,

where Pr is the transmission power per symbol. The received signal at
the kth relay terminal is processed by amplifying and then fodiag to

the next terminal}_ ;. After D repetitions, the destination combines the
received signals from all repetitions using MRC and emptm}serent de-

tection.

4.1.2 System Error Probability

In AF multihop relaying system with instantaneous CSI, &tterelay ter-

minal amplifies its received signal by a variable gain, whsotiven by [7]

Py
= =, k=1,...,K —1. 4.2
Bk \/Pk_loéid—'_N() ( )
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In a K-hop system, the signal received at the destination aitthespeti-
tion, yx 4, IS

K-1

K
Z { H Bi—l,dai,d}nj@ + NK.q- (4.3)

K
Yr,a = H Bi1,a,a%s +
i=1 j=1  i=j+1
After D repetitions, the destination employs MRC. Since the na@sa$
from different repetition are uncorrelated, the instaatars received SNR

at the destination can be expressed as

D
d=1

whereyg 4 is the instantaneous received SNR at the destination faitthe
repetition and is given by [16]

K

VK,d = <H(1 +

i=1

Ly 1)_1. (4.4b)
Yi,d

The average SEP for coherent orthogonal MFSK is given by [30]
P= [ PO))d (4.53)
0

whereP,(~) is given by [36, eq. (8.40)]

}M—l 1 2

roy=1- [ [et-a-va —=ern(~5)ds (450)
where
1 * u?
Qz) = E/z exp(—;)du (4.5¢)

is the Gaussian probability integral. Unfortunately, fdsitcary M, P, in
(4.5a) can not be expressed in closed-form. Using the uroandh, P, can

be upper bounded by
P. < (M —1)P.prsk (4.6a)
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whereP.prsk IS given by

P.prsk = /_OO Q(ﬁ)f’m (7)dry. (4.6b)

Now reference [16] shows that, ; can be tightly upper bounded by a

more tractable form

K

wa= () @.7)

i=1 Vi

Using the method developed in [37,.5rsx can be well approximated

by

D . K
P.prsk &~ %(Z i)D- (4.8)

Therefore,P, can be approximated by

P~ (M - 1)%(2 i)D. (4.9)

4.1.3 Achievable Diversity Order

Since the theoretical error probability given in (4.5a)as mathematically
tractable, we derive here a simple upper bound on the SERyths¢ union

bound, we have
P. < (M —1)P.gpgk- (4.10)
First we derive a closed-form expression frzrqx. Using (4.7) and

-----

D
1 .
D 7o nin {ia} = Yiow (4.11)
d=1

-----

for 7,4 > 0. The inequality in (4.10) becomes an equalityyif, = v, 4,
fori # j,4,7 = 1,..., K. Since the minimum of a set of indepen-

dent exponential random variables is also exponentiafijriduted [38],
37



-—IPmK{%’d} is an exponentially-distributed random variable with mean

K -1
<E %) £ 5,,d=1,...,D. Hence, the PDF of,, is given by [30,
i=1""

eq. (14.4-13)], that is,

K

D—-1_—K~/v¢

Friow(V) =

Since the SEP decreases with increasing S\NR,substituting (4.10) in
(4.6b) gives an upper bound on the SEP of the system. Therefor

PeBFSK S Pup- (413)

Using [30, eq. (14.4-15)]P,, can be evaluated in closed-form as

D

Pap=[5(1- u)}Dg (D o k) Go+m] @14

where the parameteris defined as

[ e
= . 4.14
g Ve + 2K ( b)

For large values of SNRy, > 1, the termi(1 + ;1) ~ 1, and the term
3(1 — p) = 5. Furthermore, according to [30, eq. (14.4-17)],

D-1
Z (D —]j + k) _ (2DD— 1)‘ (4.15)
k=

0

Therefore,P,, in (4.14) can be approximated as

KNP /2D -1
P, ~ <—) . 4.16
We observe that for large SN, decays aw. This indicates that

the proposed repetition-based coherent AF relaying syséetmeve diver-

sity order equal to the number of repetitiors,
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4.2 DF Relaying

In DF multihop relaying systems with instantaneous CSlyétheys as well
as the destination employ MRC. The source re-transmitsahe packet
in every time slot forD times. In general, the received signal at thk

relay terminal,l},, at thedth repetition stage is given by
Ykd = Ok dTh—1m +Npad, m=12k=1... K—1 (4.17)

wherez;_; ,, denotes thenth symbol in the alphabet estimated at the
(k — 1)th relay. Thekth relay, T}, detects the output of the maximal ratio
combiner and re-transmits the estimated signal to the eday terminal,

T}, for D repetition time slots. The destination employs MRC of the re
ceived signals from th® repetition time slots and makes the final decision

on the transmitted signal.

4.2.1 Symbol Error Probability

As in the AF case discussed above, the instantaneous rd¢@&NR at the

kth relay,T}., can be expressed as

D
Ve =D Vhd k=1,...,K (4.18)
d=1

where~; 4 is the instantaneous received SNRIgatat thedth repetition.
Note thaty, is a sum of exponential random variables, and the PD¥;, of

can be expressed as [30, eq. (14.4-13)]

1 -1 Y
fr () = mVD exXp ( - F_k> (4.19)

Therefore,P.,, can be derived as a closed-form expression given by

2-P@2D) - 1 2
Pek; ( ) '2F1<D,§+D71+D7—P—) (420)
: k

C TP -1)
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where2F1(a, b; c; z) is the regularized confluent hypergeometric function
of the confluent hypergeometric functie@’ (a; b; z) [39, p. 771]. As

mentioned in Section 3.2.2, the end-to-end average BEIs given by

K K
B=> (P T 0 —2R0) (4.21)
k=1

I=k+1
wherePF,, is the average BEP at ti¢h relay. And for the special case with
equal average received SNR, thBnp = P,; and the end-to-end average

BEP can be simplified as

jo %(1 - 2Pbk)K), V. (4.22)

Substituting (4.20) in (4.21) and using the relationshimieen SEP and
BEP given in (3.30), we can evaluate the end-to-end aver&feds DF

relaying systems.

4.2.2 Achievable Diversity Order

Recall that in Section 4.2.F,, is given by

_ 27P(2D)!
" TP(D—1)!

According to [39, p. 771]

~ 1 2
P, 2oF1(D, =+ D;1+D;——). (4.23)
2 Iy

2Fi(a,b; e 2) o %(1 +0(z2)); (# = 0). (4.24)

For large values of SNRP,, — 2-P(2D)!

rb(o-1)Y(D+1)!"
repetition-based coherent multihop system with DF relglso achieves

which indicates that a

diversity order equal to the number of repetitions.

4.3 Simulation Results

In the numerical examples, we consider different multih@msmission

systems both with balanced and unbalanced links in whichiethminals
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are located on a straight line of lengtimeters between the source and
destination, as described in Chapter 3. Recall that in systeith bal-
anced links, the average link SNR between the termiifgls and7}, is

Iy = %Kfsro, k=1,..., K. Inunbalanced links, the average link SNR is
given byl'), = %(%)%0, k=1,..., K. Inthe numerical examples,
we assume@=3 and orthogonal BFSK modulation. In the figures, R-AF
and R-DF denote the repetition-based AF relaying and rapetbased
DF relaying, respectively.

Figure 4.1 shows the SEP versus relay location in differeiai-tiop
relaying systems assumiig, = 10 dB with coherent detection. It is
assumed that the relay is located at a distgmé®m the source. It is
seen from the curves that the proposed repetition-basdehdpaelaying
systems can always achieve better performance than diegttrission
no matter where the relay is located on the straight line.dbfiteon, it is
clearly seen from the figures that both the AF and DF relayysjesns
achieve better performance when the relay gets closer tmithdle of the
link. It should be noted that in the DF relaying system, tHay® need
to employ MRC, however there is no such burden on the relatrsaiAF
relaying system.

Figures 4.2 and 4.3, respectively, show the average erotapilities
of coherent BFSK 3-hop relaying systems with balanced larks$ unbal-
anced links. The analytical results for repetition-basdédralaying are
obtained from eq. (4.9). As seen from the figures the propapgdox-
imation is tight, particularly in medium-to-high SNR regm It is seen
that coherent AF and DF relaying systems also achieve diyerysder,
and that systems employing coherent detection perforneibiian those
employing noncoherent detection, as expected.

Figures 4.4 and 4.5 respectively, show the average errdvapilities

of different multihop diversity transmission systems withlanced links
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and unbalanced links. In the AF diversity relaying and deledF re-
laying considered here, we also use BFSK modulation foristerecy and
comparisons with the other results. For repetition-bagstess shown
in these two figures, we considered repetition time= 3. We note that
in both balanced links and unbalanced links, repetitioseldacoherent DF
relaying achieves the best performance, and the supgrisriarger in
balanced links. As mentioned earlier, in repetition-bad3edelaying sys-
tems, each relay only needs to know the CSI of its immedigtedgeding
terminal, while in AF diversity relaying systems and selexDF relaying
systems, each relay requires the CSI of all its precedingiteis. This
means repetition-based coherent DF relaying achievesrtsstinbol error
rate performance than previous multihop diversity relgyschemes with
less terminal-level complexity. Importantly, we note theetition-based
noncoherent DF relaying does not need any CSI, however peoigrms
both AF diversity relaying and selective DF relaying in lvedad links. In
addition, as seen from these two figures, selective DF mdggichieves
better performance in unbalanced links than in balancéd lifhis means
that selective DF relaying is more useful in communicatiokd where
the links closest to the source are better than the linkestds the desti-

nation.

4.4 Summary

A new repetition-based multihop relaying scheme with cehedetec-
tion was developed. For repetition-based AF relaying systavhere the
source re-transmits the same signal in every three tims,sdaich relay
only needs the CSI of its immediately preceding link and doatsneed
the employment of MRC as does a multihop diversity systethoabh
the destination needs the CSI of all preceding links to egnM&C. For
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Figure 4.1. Symbol error probabilities for coherent BFSK dual-hop sgss.
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Figure 4.2. Symbol error probabilities for coherent BFSK 3-hop systewit
balanced links.

DF relaying systems, where the source re-transmits the semal in sub-

sequent time slots, each relay as well as the destinatigmesds the CSI

of its immediately preceding link to employ MRC. The perf@mee in

Rayleigh fading of the proposed system with AF and DF relags stud-
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ied. Using simple closed-form bounds on the average eraiyatnility, it
was shown that the proposed repetition-based multihognnésion sys-
tems with AF relaying and DF relaying achieve diversity arelgual to the

number of repetitions. Numerical results were providedsseas the tight-
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Figure 4.5. Symbol error probabilities for different 3-hop diversitansmission
systems with unbalanced links.

ness of the proposed bounds. It was shown that repetitisaeb@F relay-
ing systems achieve better symbol error rate performaraserépetition-
based AF relaying systems in medium to large SNRs. It wassdlewn

that DF relaying systems can achieve better symbol errepatformance
than conventional AF diversity systems and selective DEmdity systems

with less complexity at the relays, in repetition-basedywlg sytems.
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Chapter 5

Conclusion and Suggestions for
Future Work

In this chapter, first we present a summary of the contrilngtiaf the the-

sis. Then, we suggest some areas for future research.

5.1 Conclusion

As stated in Chapter 1, IEEE 802.15.4 is a proposed stanathass-
ing the needs of wireless personal area networks or LR-WHAM.stan-
dard is characterized by maintaining a high level of simpliallowing

for low cost and low power for wireless connectivity among@xpen-
sive, fixed, portable and moving devices [40]. Multihop yefetworks
achieve broader coverage, lower transmit power and redatederence
over single-hop networks. Therefore, it would be intuitiveemploy mul-
tihop topologies in the 802.15.4 standard. However, cotweal multi-

hop transmission systems do not offer diversity order. Mafi diversity
systems employing diversity combining at the relays shgvesor perfor-
mance over the corresponding systems without diversitywever, such
multihop diversity systems require CSI of all precedingrerals to em-
ploy MRC at the relays, which imposes increased complexibo# the
system and terminal levels. In this thesis, we proposed arapetition-
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based multihop relaying system. We focused on performavaieiaion
of a variety of repetition-based multihop relaying systedusalytical ex-
pressions for the symbol error probability were deriveddoth AF and
DF relaying protocols. It was shown that the repetitiondabamultihop
transmission systems can achieve diversity order withmpbsing com-
plex processing at the relays.

In Chapter 2, we reviewed previous work on conventional inogt
relaying systems and multihop diversity systems. Conweatimultihop
relaying systems realize a number of benefits over traditisystems in
the area of deployment, adaptability, coverage, and cgpakiowever,
these systems do not increase diversity order. On the o#imet, the mul-
tihop diversity systems can increase diversity order byire knowledge
of the instantaneous CSI of all preceding terminals to egnpIRC at the
relays as well as the destination. This requirement willosglarge over-
head in data transmission and complex processing burdetieaelays.
Therefore, we proposed a new multihop relaying system eyimqgidime
diversity. The system model of the repetition-based relggystem was
discussed.

In Chapter 3, we proposed a repetition-based multihop iredegy stem
based on noncoherent detection. We derived low complegitaie-law
receivers for both AF and DF relaying systems. A theoretitzded-form
expression for the symbol error probability of noncohemranttinop DF
relaying schemes and a theoretical upper bound for the menent mul-
tihop AF relaying schemes were presented to evaluate thevadite di-
versity order of the systems. It was shown that both repetitiased non-
coherent AF and DF relaying schemes achieve diversity @geal to the
number of repetitions. In particular, the relays in the g DF systems
do not require any CSI. The relays in the AF systems only reqgthie

average link SNR of their immediately previous link to adjireir ampli-
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fication gains. The destination requires neither instasdans nor average
CSI. The analytical results were verified by comparing theith WMonte
Carlo simulation results.

In Chapter 4, we proposed a repetition-based multihop iredagys-
tem based on coherent detection. To implement the propadedre, for
AF relaying systems, each relay only needs the CSI of its ichately pre-
ceding link and does not need the employment of MRC as doedtdnop
diversity system. For DF relaying systems, each relay nget€SI of its
immediately preceding link to employ MRC. Using simple @dgorm
bounds on the average error probability, it was shown thafptioposed
repetition-based multihop transmission systems with A&yiag and DF
relaying achieve diversity order equal to the number oftigpas. Numer-
ical results were provided to assess the tightness of thpopeal bounds. It
was shown that repetition-based DF relaying systems aglneiter sym-
bol error rate performance than repetition-based AF ratagystems in

medium to large SNRs.

5.2 Suggestions for Future Research

The research work in this thesis provides a foundation fatyens and de-
sign of repetition-based multihop transmission systentls kaoth coherent
and noncoherent detection. The methodology and technapmsted in
the research also give insights into possible future tapitisis area.

In Chapter 4, we consider perfect channel estimation fatafality.
The quality of channel estimates inevitably affects theaNperformance
of relay-assisted transmission and might become a perfuendmiting
factor. Therefore, a more realistic assessment shoulddenthe effects
of practical channel estimation schemes. It would be vetyitime to

address issues such as the estimator design, pilot symacingpbased
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upon realistic channel models, and an approximate symbmi probabil-
ity analysis that accounts for imperfect channel estinmatio

In the thesis, uniform power allocation policy is employagdo its
simplicity. In reality, power efficiency is an important fopgn wireless
communication systems. Therefore, choosing the optimakepaoeffi-
cients for the source and the relays is an important desgyreislt would
be of benefit to consider optimal power allocation schemeshe pro-
posed repetition-based AF and DF relaying systems morg full

Furthermore, we focused on the repetition coding througtiputhe-
sis, for its low implementation complexity and ease of exjas. How-
ever, diversity benefits of these repetition-based algaritcome at a price
of decreasing bandwidth efficiency. In the future, more clexpnd supe-
rior multihop relaying schemes should be analyzed andetudiaddition

to this repetition-based scheme.
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