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UNIVERSITY OF SOUTHAMPTON
ABSTRACT

FACULTY OF PHYSICAL SCIENCES AND ENGINEERING
SCHOOL OF ELECTRONICS AND COMPUTER SCIENCE

Doctor of Philosophy

Noncoherent Successive Relaying for Multi-User WirelessyStems

by Li Li

A noncoherent detection based successive relaying aideere(SRAN) is proposed and in-
vestigated in the context of a multi-user, multi-relay st&sl scenario. The potentially excessive
complexity of multiple-antenna based power-hungry chbesimation is avoided by replacing the
classic coherent detection by multiple-symbol-based obeent detection. Then, as the benefit
of forming a virtual antenna array (VAA) in a distributed fig@n, the proposed cooperative net-
work becomes capable of achieving a substantial spatiatsity gain in the uplink. Furthermore,
the 50% throughput loss incurred by the conventional simglay-aided two-phase cooperative
network, which is caused by the half-duplex transmit/nezaionstraint of practical transceivers
is recovered by designing a spectral efficient successiaging protocol. Hence the proposed
noncoherent successive relaying aided multi-user wisedgstem becomes capable of significantly

improving the system’s performance.

We demonstrate that multiple-symbol differential demtt{MSDD) is capable of eliminating
the error floor of the conventional differential detecti@DD), when experiencing severely time-
selective Rayleigh fading associated with a high Dopplegdiency, since the MSDD algorithm
benefits from a higher time-diversity than CDD. Howevers ikiachieved at a potentially excessive
complexity, which is unaffordable in many practical apations. As a remedy, the sphere decod-
ing principle is incorporated into the MSDD algorithm. Thesultant multiple-symbol differential
sphere detection (MSDSD) strikes an attractive trade-etfivben the achievable BER performance
and the complexity imposed. In order to improve the eneffjgiency, the hard-decision-based
MSDSD algorithm is further developed to its soft-decislmased version, namely to the soft-input
soft-output MSDSD (SISO-MSDSD). Furthermore, for the sakexploiting the benefits of co-
operative communications, we devise a new multiple-patipggation-aided MSDSD algorithm
as a beneficial variant of the conventional MSDSD algoritlwhich is further developed to the
relay-aided MSDSD algorithm.

However, relay-assisted transmissions increase the ambimerference imposed. Hence, in
order to suppress the successive relaying induced inéeider namely both the inter-relay interfer-
ence (IRI) and the co-channel interference (CCl), we invibleeDS-CDMA multiple access tech-
nigue. Consequently, a noncoherent successive relayi@gSR) aided cooperative DS-CDMA
uplink is conceived, where the typical 50% half-duplex yelg induced throughput loss is con-



verted to a potential user-load reduction for the DS-CDM#éteyn, since the SRAN requires two -
rather than a single - spreading codes for each user. FiesfF protocol is invoked for the succes-
sive AF relaying aided DS-CDMA uplink, where initially a gihe single-user scenario and then a
realistic multi-user scenario are investigated. The etan of the associated noncoherent discrete-
input continuous-output memoryless channel (DCMC) cdpéwndicates that our AF based SRAN
is capable of significantly outperforming both the convemdl AF relaying and the single-link
direct-transmission. Then, as a counterpart, the suseeB$t relaying aided DS-CDMA uplink is
also conceived, where a multi-user scenario is consid@iieel noncoherent DCMC capacity of the
DF based SRAN reveals that the DF based SRAN may outperfa@fbased SRAN, especially
in the low SNR region. Furthermore, a relay-aided SISO-MBSsisted three-stage iterative
transceiver is designed for supporting the operation ofptegposed DF based SRAN, which is
capable of operating close to the system’s capacity, wisileifg the system complexity imposed
by the conventional single-path SISO-MSDSD aided distetuurbo decoder.

As a further advance, we also consider a multi-user mubiyr®S-CDMA uplink. In order to
efficiently organize the cooperation among the multiplea®odf this large-scale wireless network,
we further develop the concept of adaptive network codege@tion (ANCC) to its generalized
version, namely to our “GANC” regime, which allows arbityathannel coding schemes to serve
as the cross-layer network coding, while still adapting athbnetwork topology changes and to
link failures. Upon incorporating the proposed GANC regim® the SRAN, we construct the
GANC aided SRAN. In the spirit of the joint network-channeding (JNCC) scheme, we devise
a generalized iterative detection based three-stagectes architecture for the proposed GANC
aided SRAN. The proposed transceiver is also adaptive toetivork topology changes as well
as to link failures. We demonstrate that combining two DFebdaSRANs and operating them
under the proposed GANC regime is capable of attaining afsignt power gain with respect to
operating them independently, i.e. without any coopegabietween them.

Employing the DS-CDMA technique for suppressing the susigesrelaying-induced inter-
ference may lead to a potential user-load reduction for tBedDMA system. In order to miti-
gate the interference without requiring any extra orth@jahannel resources, we proposed a new
multiple-symbol differential interference suppressiM(DIS) regime, which is a novel amalgam
of the adaptive modified Newton algorithm and of our SISO-MeEDalgorithm. Consequently, a
MS-DIS-assisted plus relay-aided SISO-MSDSD based thigge concatenated turbo transceiver
is designed, which is capable of efficiently suppressingiriterference at the expense of impos-
ing as little as 2% training overhead, despite experiensigrely time-selective Rayleigh fading
associated with a high Doppler frequency.

iii
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Chapter

Introduction

1.1 Historical Perspective on Cooperative Communication and Non-

coherent Detection

Conceiving high-quality wireless solutions in supportlué WVireless Internet is of paramount im-
portance. Achieving a low bit-error-ratio (BER), high syt throughput, low complexity, low

delay, as well as seamless connectivity across the entierage area are of salient significance.
However, as shown in the stylized illustration of Figure,lwie have to strike a compromise

amongst these conflicting design factors.

Coding Effective
Gain Throughput

Quality of
Wireless
Communications

Coverage Area’

> '\ Bit Error
Expansion = =

7 Rate

W4

Average Implementational
Delay Complexity

Figure 1.1: Criteria for assessing the overall quality of a wireless communication
service. In this treatise, we will focus on three of them: the achievable throughput,

the attainable BER, as well as the complexity imposed.
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However, the detrimental impact of the hostile radio praimg severely impairs the achiev-
able communication quality in terms of the criteria seerhimgtylized Figure 1.1. One of the most
detrimental phenomenon is constituted by the effects ohadt has been demonstrated that vari-
ous diversity technigues, such as temporal-diversitguemcy-diversity as well as space-diversity
arrangements constitute the most effective methods ofjatitig the impact of fading.

In this context, multiple-antenna aided multiple-inputltiple-output (MIMO) wireless sys-
tems have attracted considerable attention in recent y&a6. However, the transmit antenna
elements have to be sufficiently far apart to experiencepedéent fading, which may be imprac-
tical in the uplink owing to the limited size of the mobile lwet. Furthermore, even a downlink
MIMO BS transmitter associated with a relatively large edenseparation may not benefit from
independent fading, when it is subjected to shadow-fadimgosed for example by large-bodied
vehicles or other local shadowing paraphernalia [7].

As a remedy, cooperative communications is capable of fagyraivirtual antenna array (VAA)
for each node (user) in a cooperative network by allowingniba@es (users) to relay the messages
of other’s to the destination. Hence, such a relay aided orétpractically constitutes a distributed
MIMO system relying on the spatially distributed singleemas of the mobiles. This allow us to
avoid the correlation of the antenna elements in conveakibhMO systems. The germination of
the basic idea of cooperative communication can be tracekitbahe concept of the relay channel,
which was devised by Van der Meulen in [8] and was later chiaraed from an information-
theoretic perspective by Cover and El Gamal in [9]. Basiayigelg protocols were also proposed
in [9].

To elaborate a little further, cooperative communicatibaeefits from the broadcast nature of
wireless transmitters, which allows the relays to receive @etransmit all signals, leading to the
concept of “cooperative diversity”. Lanemanal. characterised both the decode-and-forward (DF)
and amplify-and-forward (AF) protocols in [10,11] by evating both their diversity order and their
outage probability. Similar concepts were investigated &y Sendonarist al. in [12, 13]. These
seminal paradigms [10-13] have attracted substantiaarelseattention and inspired a number of

novel contributions in the research area of cooperativenconications:

a) The authors of [14—18] investigated the achievable dityemultiplexing trade-off (DMT)
of the cooperative network;

b) Relay selection regimes such as opportunistic relaydg)(@and selection cooperation (SC)
were exploited in [19—-23] for improving the outage perfonte;

¢) Optimum resource allocation regimes were considered4n30], which are capable of im-
proving both the power efficiency and battery rechargeep31] of cooperative communi-
cations.

d) The combination of cooperative principles with cogrtikadio concepts was considered
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in [32—35] and they were also combined with orthogonal fesmy division multiple ac-
cess (OFDMA) in [36, 37].

e) The amalgam of cross-layer network coding and cooperatimmunication created the con-
cept of network coded cooperation. It has been demonstia{@8—42] that network coded
cooperation constitutes an efficient technique of orgagiz large-scale multi-user, multi-

relay wireless network.

However, not with standing the above-mentioned benefitgppe@tion techniques impose their
own problems as well. For example, they impose a 50% thrautghgs, because practical transceivers
cannot transmit and receive at the same time. A beneficiahtgae which is capable of mitigating
the half-duplex relaying induced throughput loss was adtext in [43, 44], where the successive
relaying concept was proposed and analysed. However, thderence encountered both at the
relays and at the destination significantly degrades theflierf the successive relaying regime.

In order to combat this interference-related problem, geaof solutions were proposed in
[45-47], where the interference was eliminated based onrdimized simplifying assumption
that perfect channel state information (CSI) was availablthe receiver. However, suppressing
the successive relaying induced interference withoutireguany CSI and any extra orthogonal
channel-dimension in the time- or frequency-domain resiaim open challenge. The aforemen-

tioned important issues are briefly summarized in Table 1.1.

The classic coherent detection techniques rely on the QSinfigating the deleterious ef-
fects of fading channels. Practical channel estimatiohrtiees typically rely on pilot symbol
assisted (PSA) training techniques [48] and on the fact ithgeneral the consecutive channel
impulse response (CIR) taps are correlated in time, as geudeoy the normalized Doppler fre-
quency. However, ai/-transmitter,V-receiver MIMO system has to estimdt®/ x N) channels,
which will substantially increase the complexity of theimnsystem, especially at high normalized
Doppler frequencies. Furthermore, in the specific scerdr@oVAA-assisted cooperative network,
it is unrealistic to expect that in addition to the task ofagéhg, the relay-station would dedicate
further precious resources to the estimation of the sotareelay channel in support of coherent

detection.

Based on the above discussions, noncoherent (NC) detesttimmes may be deemed to be
promising solutions in the context of cooperative netwpsiace they are capable of providing
a spatial diversity gain, while circumventing the potelifi@xcessive burden of multiple-antenna
based channel estimation. Numerous differential detect@hemes have been devised for non-
coherent receivers. For example, the conventional difteakdetection (CDD) philosophy was
further developed to multiple-symbol differential detent(MSDD) [49] for the sake of achiev-
ing an improved BER performance in high-Doppler scenanidsgre the CDD typically exhibits
a high BER-floor. However, the detection complexity of the DB algorithm increases expo-
nentially with the observation window size. In order to reglithe system’s complexity, while
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‘ Year ‘ Authors ‘ Contributions

Heralded the concept of cooperative communication and
1971 | Van der Meulen [§] ] ) ) )
established the basic three-terminal relaying model.

Analysed the capacity of the three-terminal based relaying system
1979 | Cover and El Gamal [9] ] ) ] ]
along with proposing some basic relaying protocols.

Evaluated the performance of several classical cooperative
2003 | Sendonaris et al. [12,13]
protocols. The remarkable advantages of cooperative

communication were quantified in terms of their large power
2004 | Laneman et al. [11] i . ) o
savings, low outage probability and high diversity order.

Azarian et al. [14] ) ) ) ) )
The diversity-multiplexing trade-off was quantified. Furthermore,

2005
optimal resource allocation, relay selection, as well as network
Hgst-Madsen et al. [24] ) ) ) )
coded cooperation regimes were developed for further improving
the performance of cooperative communications in terms of the
Bletsas et al. [19] . . .
9006 achievable diversity order, effective throughput, outage
probability, bit error ratio, etc.
Hunter et al. [38]
Rankov et al. [43] Recovered the 50% throughput loss of the conventional half-duplex
2007 two-phase cooperative networks, where both “two-way relaying”
Fan et al. [44] and “successive relaying” were devised.

) Proposed inter-relay interference cancellation for an AF based
2009 | Wicaksana et al. [47] ] ] )
successive relaying aided network.

Intelligently cancelled the interferences incurred in a DF based
2011 Luo et al. [46] successive relaying aided network with the aid of the CSI
knowledge.

Table 1.1: Brief history of cooperative communication.

simultaneously avoiding any BER degradation, further aded algorithms, such as the maximum-
likelihood multiple-symbol differential detection (ML-BDD) [50] and decision-feedback differ-
ential detection (DF-DD) [51] have been conceived, whileesp decoding was advocated in [52].
In [53], sphere decoding was incorporated into the MSDD ritlgm of [49], which resulted in
the multiple-symbol differential sphere detection (MSDSBchnique. The MSDSD algorithm
successfully mitigated the complexity of the MSDD algaritkvithout any BER degradation with
respect to the MSDD algorithm [49]. Hence it attracted cdeisible attention and it was further de-
veloped to its multiple-path version in [54] in the contektooperative communications. Then, in
order to transform the hard-decision-based MSDSD algor{3] to a more power-efficient, soft-
decision-based iterative detection scheme, the MSDSDitligowas further developed again, in
order to create the soft-input soft-output MSDSD (SISO-MBED) regime in [55].
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1.2 Relaying Protocols: Transmission Arrangement and Diversity Or-

der

1.2.1  Amplify-and-Forward Relaying

The third design option proposed by Cover and El Gamal in §@]tfie sake of realizing coop-
erative communication in a three-terminal network wasrreféto as the “observation” scheme
by Lanemaret al. in [10]. Based on the “observation” scheme of [9] and ingpiby [56, 57],
Lanemanet al. further developed and analysed a novel cooperative prbind@0], namely the
“amplify-and-forward” (AF) regime.

A. Transmission Arrangement

The typical transmission arrangement of an AF aided theemihal cooperative network is
portrayed in Figure 1.2, which consists of the source notlg £Srelay node (RN) and destination
node (DN)d. Observe in Figure 1.2 that all the propagation paths betwee nodes;, r andd
are assumed to be narrowband flat Rayleigh fading channbkxevthe fading coefficients of the
channel between nodeand nodeb are represented by,;[k],a,b € {s,r,d}. Furthermore, the
average path-loss reduction gains of the source-to-r&@&) (ink, relay-to-destination (RD) link
and source-to-destination (SD) link with regard to the Sik lare represented by, G4, and
G4, respectively. Then, we denote the average transmit poivemode @” by P,,a € {s,r}.
Furthermore, in line with previous contributions [10, 5B],5ve also assume that the additive white
Gaussian noise (AWGN) noise imposed at the different nodeghe same variandg,. This may
be deemed justified, sindg, is determined by the noise-figure of the receiver.

= VG iy [k]VPS'[K] + ny K]

Vi

hw [k Relay Node

S[[k yh[k] i %
higlk] |

RUFYE) = fan, - yL[K]

R [kﬂ7

Relay Node

A

vy K]

Source Node Source Node

Destination Node Destination Node

(a) Broadcast Phase (b) Cooperative Phase

Figure 1.2: The transmission arrangements of the conventional single-relay aided

half-duplex cooperative network employing the amplify-and-forward protocol.

Observe for the “(a) Broadcast Phase” in Figure 1.2 that thies 8roadcasts its information
symbol S![k] both to the RN- and to the DNZ. Consequently, the signals received at the/Rixd
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DN d may be formulated as

YL [k] = /G L, [K]\/PsS'[k] 4 nl[K], (1.1)
yh[k] = /Gahl g [k]\/ PoS' K] + nlk (1.2)

respectively, where the superscripts invoked for representing the phase index. Furthermore,
nt[k],a € {r,d} is the AWGN noise imposed at the nodén the /*" transmission phase, which
obeys a distribution of N'(0, Ny).

In the consecutive “(b) Cooperative Phase”, instead ofutietgthe signal/’.[k] received during
the most recent broadcast phase, thesRdimply amplifiesy’[k] by an amplification factoyf 45,
according to a certain power constraint and then forwardsathplified version of/. [k], namely
RIF1[k], to the DNd. Hence the signal received at the @Nuring the(l + 1)** transmission phase

is given by

yi k] = v/ Grahiy IR K]+ ngt (K]

= /Grah k) fan, <\/G—Whlsr[k]\/ﬁs5l[k] +ni[k]) +nlH K, (1.3)

where the amplification factof,, is stipulated as

B
< . 14
fam, < \/GST|hlsr[k]|2PS TN (1.4)

B. Diversity Order

In the conventional single-link direct-transmission lthsemmunication systems, the receiver
only receives a single representation of the original cafdwransmitted by the transmitter. By
contrast, as a benefit of the specific transmission arrangigmogtrayed in Figure 1.2, the Diflof
the AF aided cooperative network always obtains two reptesiens of the original information
symbolS'[k], i.e. bothy),[k] of (1.2) andy’,"* [k] of (1.3). Intuitively, the diversity order of the AF
aided cooperative network is capable of approachitig “

In order to actually realize the diversity gain of AF protboopractice, a well-designed DN
receiver is desired. Fortunately, this design was provioked.anemanet al. in [58], where a
maximume-ratio combiner was devised. Furthermore, itsigacture was illustrated and the associ-
ated optimal weight values as well as the mapping funcfi¢r} were derived. The BER bound of
the DN’s receiver was also provided

The stringent theoretical evaluation of the diversity ordehieved by AF relaying was also
provided by Lanemast al. in [10], where the discussions commenced from deriving yistesn’s
outage probability. In more detail, the AF protocol produiae equivalent single-input, twin-output
complex Gaussian noise channel associated with differe@iserevels at the outputs. Hence the

'n this section, we focus our attention on the diversity order of the AF protocol. We refer to [58] for

more information on the maximum-ratio combiner designed for the AF protocol.
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mutual information between the equivalent single input tredtwo outputs is given by

1
Iyp = 5 log (1 + SNRya + SNRey) (1.5)
where we have
2
I+1
Gsd|hld[kj”2ps Gsr |hl [k:HQPs Grd hrd [k]‘ P?“
SNR,y = —13¢ =1 ~° QNR,, = — -1 "% SNR,4 = .
d NO NO ! NO
SNR_! = SNR;,! + SNR-} + SNR;,! - SNR; 1. (1.6)

When the actual transmission rateof the SN exceeds the system’s mutual informatign,
the DN can no longer correctly detect the information reseivl his event may be formulated as

Iazr < R,
SNRy, - SNRrt_ jon

SNR,
4t SNR. + SNRyy + 1

~1. (1.7)

The probability that the event represented(by) is encountered is referred to as the outage prob-
ability. Lanemaret al.[10] proved that the outage probability of AF relaying mayapproximated
for a high signal-to-noise ratio (SNR) scenario as

. 22R -1 2
PrQU(SNR, R) = Pr [Iap < R] ~ ( T~ ) , (1.8)

wheré we haveSNR = = = {x. The diversity order is defined as [59)

out

—log Pr

D= 1 —
SNRooco log SNR

(1.9)

which characterises the robustness of a communicatiomreystWhen having a high diversity
order, the BER of a communication system will decay fast uporeasing the SNR value of the
communication system. By contrast, when having a low dityesder, the BER may decay very
slowly upon increasing the SNR value, which may even leacdhtereor-floor event.

Substituting(1.8) into (1.9), we arrive at

2
2R _
—log (QSNRl)

;
SNRooo  log SNR

2
log (QEEE)
= lim —- 7
SNR—oo  log SNR
oy 2 [log SNR — log (2% — 1)
T SNRoo log SNR
21log SNR
= 1im —_— =
SNR—oo log SNR

D=

(1.10)

According to(1.10), we can readily see that the AF protocol is indeed capableluitaing the
maximum attainable diversity order of “2”.

2We assume that the SN and RN have the same transmit power, i.e. Ps = P,.
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1.2.2  Decode-and-Forward Relaying

According to [9, Theorem 1], another design option was psegoby Cover and ElI Gamal for
efficiently organizing cooperative transmissions in aghierminal network, which was termed as
the “cooperation” scheme by Lanemetral. in [10]. Inspired by [60,61], the “cooperation” scheme
was termed later as the DF protocol [10].

A. Transmission Arrangement

In the DF aided cooperative network, the relay node attengptiecode the signals received
during the broadcast phase and then re-encodes, as welhazdidates the detected information.
The RN may opt for a variety of re-encoding, re-modulatingtsgies. If it simply re-encodes,
as well as re-modulates the detected information in the seayeas the SN, this regime may be
referred to as repetition-coded DF. In this section, we lvikfly characterize both the transmission
arrangement and diversity order of the repetition-codeddgfime.

The signals received at the RiNand DNd during “(a) Broadcast Phase” of the repetition-coded
DF relaying scheme of Figure 1.3 are the same as that foretuia{1.1) and(1.2), respectively.
If perfect detection is achieved at the RN during “(a) Braedd®hase” of Figure 1.3, the signal

SH1[k] = S'K], (Assuming perfect RN detection)

S Y

Relay Node hff[;l k]

=V srhi, k]\/75' |+ (K]

hsr[k Relay Node

- Y G
sr] |

S’[k

Source Node Source Node

Destination Node Destination Node

(a) Broadcast Phase (b) Cooperative Phase

Figure 1.3: The transmission arrangements of the conventional single-relay aided

half-duplex cooperative network, employing decode-and-forward protocol.

forwarded by the RN during the consecutive “(b) CooperaBVese” of Figure 1.3 will be the
same as the original source information symbol, which mafpbaulated as

Stk = SUk). (1.11)

B. Diversity Order

It was indicated by Lanemaat al. in [10] that the maximum average mutual information of the
entire DF relaying system shown in Figure 1.3 can be forredlais

1
Ipr = 3 min {log (1 + SNRg,) ,log (1 + SNRsqs + SNR;q)}, (1.12)

where the definitions NRy,., SNR,;, andSNR,.; are given in(1.6). In more detail, the first term
in (1.12) represents the maximum error-free transmission rate afdbece-to-relay link, while the
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second term quantifies the maximum rate at which the DN cé&bigldecode the source message
based on the signals received from both the SN and from thelRéh, requiring that the RN and
DN simultaneously achieve perfectly flawless detectioreasitates taking the minimum of the two
terms in(1.12).

According to the concept of “outage” described in Sectighll,.the outage event for the DF
relaying regime is given bypr < R, which is equivalent to the event of
min {SNR,,, SNRyq + SNR,4} < g = (2°F - 1). (1.13)
Hence, in the presence of Rayleigh fading and assuming thaaweSNR = 15—; = §—3 — 00, the
associated outage probability of DF relaying is given by
ProE(SNR,R) = Pr [Ipr < R]
= Pr[SNRg < g] + Pr[SNRg; > g] - Pr[SNRyq + SNRy4 < g]

22k _ 1
SNR

(1.14)

According to(1.9), the g trend observed iif1.14) indicates that the diversity order of DF
relaying is still “1”. Hence it does not offer diversity gaifor high SNRs, because requiring the RN
to perfectly decode the source message limits the perfarenahDF to that of direct-transmission
between the SN and RN. However, with the aid of a well desigeeehcoding or re-modulation
strategy, the DF protocol is still capable of achieving theximum attainable diversity order as
stated in [62].

1.2.3  Amplify-and-Forward Versus Decode-and-Forward

The major transmission arrangement difference betweerathgify-and-forward protocol and
decode-and-forward protocol is whether the RN detects @ébeived signal. If the RN does not
employ any detection algorithm, only amplifies the receisigghal and then directly forwards it to
destination, it carries out amplify-and-forward relayirn@therwise, if the RN decodes the source
messages and re-encodes, as well as re-modulates thenstituwtes decode-and-forward relaying.

In the AF aided cooperative network, the RN does not have tectithe SN’s information
symbols, it only amplifies its received signals and forwalasn to the DN. Hence the complexity
imposed on the RN is lower than that incurred in DF relaying aresult, compared to the DF
protocol, the AF protocol is more suitable for a cooperatie¢éwork, where the RNs only have a
simple transceiver architecture and cannot afford highyexity operations. Since the RN only
amplifies the amplitude of the received signals, the AF mwlts immune to the error propagation
problem potentially incurred by the DF protocol. Consedlyethe AF protocol might be capable
of outperforming the DF protocol, when the relay is closehte dlestination [63]. However, the
drawback of the AF protocol is the so-called noise amplificaproblem, which imposes extra
noise on the DN.



1.2.3. Amplify-and-Forward Versus Decode-and-Forward 10

By contrast, the complexity of the DF protocol is typicalligher than that of the AF protocol
due to the decoding and re-encoding process. Again, anptbhbiem imposed by DF relaying
is the “error propagation” phenomenon, because the otigmarce message may be erroneously
decoded at the RN. This typically inflicts more errors thapased by the channel, which results
in the above-mentioned error propagation. In fact, reqgithe RN to perfectly decode the source
information would limit the performance of the DF protocolthat of direct transmission between
the SN and RN.

Hence the robustness of the RN’s detector is critical forstimess of the DF protocol, which
should simply disable relaying in the presence of decodimgr& A range of robust detection
schemes were devised in [64]. Since the quality of the setareelay link is critical for DF relay-
ing, the DF protocol is recommended for those scenariosrewe RNs are in the vicinity of the
SN for the sake of avoiding error propagation.

However, neither the AF protocol nor the DF protocol is capati efficiently exploiting the
degrees of freedom provided by the channel, especially taigh rates, because the RN repeats
the transmission all the time. Accordingly, the incremeAfarelaying was further devised in [10],
where the classic automatic-repeat-request (ARQ) mestmanias incorporated into the relaying
context. In more detail, in the incremental AF relaying did@operative network, the SN firstly
transmits its information to the RN and DN. Then, the DN iadlés success or failure of the SD
transmission by broadcasting an acknowledgement to betiShhand RN. If the RN receives a
positive acknowledgement from the DN, which indicates thecess of the SD transmission, it
takes no action. By contrast, if the RN receives a negatikm@aeledgement, it amplifies and
forwards the information received from the SN. Explicitlige incremental redundancy based AF
relaying may achieve a higher bandwidth-efficiency, beedugpeats the transmission of the same
information only rarely.

The diversity-multiplexing trade-off struck by the dirdcinsmission, the DF relaying, the AF
relaying, as well as the incremental AF relaying is compéamedeigure 1.4.

The normalized effective throughpi,.-m used in Figure 1.4 is defined as [10]

R

Rnorm = 1 oD\
log (1 + SNR)

(1.15)

where the notatiorR represents the actual transmission rate utilizedlif) and (1.8). Upon
replacingR utilized in (1.7), (1.8) by Ry,om defined in(1.15) and substituting the relevant results
into (1.9), the diversity order of the AF protocol given {i.9) may be rewritten as

Dar =2 (1 — 2Ruorm) - (1.16)
Similarly, the diversity orders of the DF protocol and of theremental AF protocol are given by

DDF =1~ 2Rnorm7

DIncremental—AF =2 (1 - Rnorm) . (117)
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Figure 1.4: Diversity order versus the normalized effective throughput Rpuom, for
direct transmission, DF, AF as well as for incremental AF, where a large SNR
scenario is considered. The curves portrayed in this diagram are attained according

to (1.16) and (1.17).

Explicitly, the diversity order versus normalized effgetthroughput curves portrayed in Figure 1.4
are attained according 1d.16) and (1.17). For example, the diversity order of the AF protocol
is Dar = 2(1 —2Rporm) as seen in1.16). Thus, its maximum diversity order @fis indeed
achieved when we havB, ..., — 0, which constitutes the left-most point of the AF’s curve in
Figure 1.4. The resultant maximum normalized spectralieffiy of% is achieved aDar — 0,
which constitutes the right-most point of the AF’s curve igu¥e 1.4.

1.2.4  Successive Relaying

The concept of successive relaying, or “two-path relayifiggt occurred in [65]. Based on [65],
as well as inspired by the related benefits reported in [4368F a more generalized successive
relaying protocol was proposed by Fanal. in [44], offering further insights into the achievable
rates and into the associated diversity-multiplexing éraff.

A. Transmission Arrangement

The transmission process of the successive relaying miopsoposed in [44] is illustrated in
Figure 1.5, where we obseryé. + 1) number of processing phases and ignore the interference
between the two RNs Instead of the single-relay aided three-terminal stmecemployed in
conventional cooperative networks, the successive raagigime relies on two RNs for alternately
forwarding the source messages to the DN.

In more detail, the specific actions involved in every phdsaw in Figure 1.5 are described

as follows

3The successive relaying induced interferences will be discussed in Chapter 3 and Chapter 4.
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Figure 1.5: Transmission schedule of the successive relaying protocol.

Phase 0: The SNs broadcasts the messa§f)]; the RNr listens to the SN and receives the
message[0]; the RN7; remains silent; the DN receives the messagg0).

Phase 1: The SNs continues to broadcast the messa&je|; the RN, forwards the message
S]0] to the DN; the RNr listens to the SNs and receives the messagél]; the DN d
simultaneously receives the messag¥8| and S[1] via the relay-to-destination link and
source-to-destination link, respectively.

Phase 2: The SNs continues to broadcast the messai#|; the RN listens to the SNs and
receives the messag®2|; the RN, forwards the messag#{1] to the DN; the DNd simul-
taneously receives the messagés and S[2].

Phase 3 4 ...: The transmission options described in Phase 1 and 2 willtbenakely repeated
until Phasg L — 1).

Phase L: The SNs completes all of its transmissions and stops broadcastimgRNrq or r;
forwards the messag#{L — 1] to the DN; another RN remains silent; the @Neceives the
messages|[L — 1].

B. Diversity Order

Fanet al. analysed the diversity-multiplexing trade-off of DF basedcessive relaying, while
assuming perfect source-to-relay (SR) links. In more {eta diversity order of the successive
DF relaying is formulated as [44]

L+1 *
DSuccessive—DF =2 <1 - TRnorm> s (118)

where the operatioiiz)* is defined agz)™ = max {0,z}. Furthermore R, has a similar
definition to that detailed irf1.15), which was also referred to as multiplexing gain in [4,44]
According to the transmission process depicted in Figueifituitively, the multiplexing gain of

the successive DF relaying is limited to the region&f,., € {0, LLH}

4The multiplexing gain in [4,44)] is defined as Rnorm = which is slightly different from that

R
Tog(SNR)’
defined in (1.15). However, this distinction caused by different definitions will not affect the characterisation

of the system’s diversity-multiplexing trade-off.
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Similar to Figure 1.4, the diversity-multiplexing trad#-struck by the successive DF relaying
associated with different number of processing phdsés visualized in Figure 1.6. The DMT
achieved by the conventional DF relaying and that achieyatidincremental AF relaying are also
presented in Figure 1.6 as the benchmarkers, which ardlgiezhoed from Figure 1.4. Observe
in Figure 1.6 that successive DF relaying is capable of agigea significantly improved DMT
compared to conventional DF relaying. Furthermore, the Bi¥iJuccessive DF relaying is capable

of gradually approaching that of incremental AF relayingmcreasing the number of processing
phased..

— Successive DF relayin
='='= |[ncremental AF

N
Q

[EEY

Diversity Order

Figure 1.6: Diversity order versus multiplexing gain Ryomy for the successive DF
relaying protocol, where the number of processing phases L is increased from L = 1
to L = 5. The relevant curves are attained according to (1.18). The diversity-
multiplexing trade-off (DMT) of both the conventional DF relaying and of the

incremental AF relaying as portrayed in Figure 1.4 are also included here as a pair

of benchmarkers.

1.3 Novel Contributions
The main contributions of this thesis are as follows:

e We conceive a novel relay-aided MSDSD algorithm for the saswve relaying aided net-
work (SRAN), which was created from the conventional singger/single-path MSDSD al-
gorithm of [53]. For the sake of suppressing the successleging induced interferences, we
invoke the code division multiple access (CDMA) technignd aombine it with our SRAN
regime. As a benefit, we convert the typical 50% half-dupkdaying-induced throughput
loss to a potential user-load reduction of the CDMA systemorider to mitigate the com-
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plexity imposed on the relay node, we opt for the AF protodaha relay node.- These
novel contributions were proposed in papers “No.1"and “No2” in the publication list.

e We further extend our research to a multi-user scenarianglgn the AF protocol at the
relay node. Correspondingly, a specific interference sggion regime is designed for this
scenario, where the effects of both the successive relagihgced interference and of the
multiple access interference (MAI) are evaluated. In otdemalyse the performance upper
bound of our system, we derive the noncoherent discretg-iopntinuous-output memory-
less channel (DCMC) capacity of the AF based SRAN operatingulti-user scenarios. We
demonstrate that the proposed successive AF relaying amgukbrative DS-CDMA uplink
exhibits substantial advantages, especially in high lesgt-scenarios. These novel contri-
butions were subjected to peer-review in papers “No.4” and No.7” in the publication
list.

e In order to significantly improve the achievable power-édficy at a fixed target BER, in-
stead of employing the aforementioned hard-decisionebdséection, we incorporated soft-
decision-based iterative detection into our system. eantlore, instead of AF relaying, the
DF protocol is employed this time in support of more sopbétd signal processing at the
relay node. Hence we conceive a honcoherent iterative titmieided DF based SRAN op-
erating in a multi-user scenario. We also derived the nosieatt DCMC capacity of this
DF based SRAN and devised an iterative three-stage MSDSD-RRBC transceiver. It is
demonstrated that the proposed transceiver significaatlyaes the system’s complexity,
whilst recovering much of the half-duplex relaying-inddairoughput loss, and operating
close to the associated system capacitfhese novel contributions were detailed in pa-
pers “No.3”, “No.7”, and “N0.8” in the publication list.

e We conceived a new multiple-symbol differential interfaze suppression (MS-DIS) al-
gorithm for our DF based SRAN, which is capable of cancelling successive relaying-
induced interference without estimating the channel im@uksponse (CIR). However, in
this context we have not relied on having unique, streansiBpeCDMA spreading se-
guences. Hence, compared to the system employing CDMA fgpressing the successive
relaying-induced interference, the MS-DIS algorithm doesrequire any extra orthogonal
channels, such as the stream-specific spreading codes ofACH®hce much of the half-
duplex relaying-induced throughput loss is recovered withaid of our MS-DIS algorithm
without the above-mentioned penalty of potential usedladuction, as in the CDMA sys-
tem of Chapter 3. Correspondingly, a new adaptive MS-DI&riiig and MSDSD decoding
assisted channel-code-aided three-stage turbo recechdtesture is designed for the DN’s
receiver. We demonstrate furthermore that our proposeddeaver is capable of efficiently
suppressing the interference by imposing as little as 2#itigioverhead, despite experienc-
ing severe time-selective Rayleigh fadinrglhese novel contributions were disseminated
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in papers “No.5” and “No.6” in the publication list.

e We extended the concept of “matching code-on-graph wittvordt-on-graph” to arbitrary
channel coding schemes and conceived the required new pigreassing and transmission
arrangements in support of this extension. Consequentijenaralized adaptive network
coding (GANC) scheme was proposed for multi-user, multiyrscenarios. Then, we intrin-
sically amalgamated the successive relaying protocol thélGANC philosophy to conceive
a new GANC aided SRAN based DS-CDMA system concept. As atrehel typical 50%
half-duplex relaying-induced throughput loss was comeitb a potential user-load reduc-
tion for the CDMA system, since the interference of the relags avoided by invoking a pair
of low-correlation spreading codes. Correspondingly, rregaized iterative detection based
three-stage transceiver architecture was created forrtpoped GANC aided SRAN. The
GANC aided SRAN advocated is capable of adapting to bothfliillkires and to network
topology changes, while recovering much of the half-dupiglaying-induced throughput
loss. We demonstrated that as a benefit of operating in a net@ded cooperative manner,
the GANC aided SRAN exceeds the performance of the convaait®RAN. Hence it is em-
inently suitable for organizing a large-scale wirelesswogk. - These novel contributions
were detailed in paper “No.8” in the publication list.

1.4  Outline of the Thesis

Having briefly reviewed the literature of both cooperatieenenunication and of noncoherent de-
tection, let us now highlight the outline of this thesis, etis organized as shown in Figure 1.7.

Chapter 2 : Noncoherent Differential Multiple-Symbol Joint Detectio

In Chapter 2, we focus our attention on noncoherent difteaemultiple-symbol joint de-
tection techniques. Firstly, the conventional differahtietection (CDD) technique is in-
troduced in Section 2.1, followed by the mathematical ppies of the MSDD algorithm
in Section 2.2. The MSDD algorithm is capable of eliminatthg error floor of the CDD,
when experiencing severely time-selective Rayleigh fadissociated with a high Doppler
frequency. However its high complexity is potentially uoaflable in many practical appli-
cations. Consequently, in Section 2.3, we conceived the $I3Blgorithm, which strikes an
attractive trade-off between the achievable BER perfooeand the complexity imposed.
We will demonstrate that the MSDSD algorithm is capable dtisly the BER curve closer
to the noncoherent differential detector’s optimum perfance bound. In order to adapt our
receiver for employment in cooperative networks, the mldtpath MSDSD algorithm was
devised in Section 2.4. Finally, we further developed thelftiecision-based MSDSD to the
soft-decision-based SISO-MSDSD in Section 2.5, whichaédtlundation of our relay-aided
SISO-MSDSD scheme employed in Chapter 3.
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Figure 1.7: Organization of the thesis.

Chapter 3: Evolution of Noncoherent Successive Relaying

In Chapter 3, motivated by the promising advantages of betiMSDSD and of the SRAN,
we propose a noncoherent successive relaying (NC-SR) ammukerative DS-CDMA sys-
tem. We strive for consistently improving the performané¢he proposed NC-SR regime,
which evolved from a basic prototype to a sophisticateditecture as a benefit of the tech-
nigues proposed in this chapter. In order to suppress tloessige relaying induced interfer-
ence, the DS-CDMA multiple access technique was then imo&®nsequently, the typical
50% half-duplex relaying induced throughput loss is colagkto a potential user-load reduc-
tion for the DS-CDMA system, since the SRAN requires two agdieg codes for each user.
For characterising the performance bounds of the propogsdrss, the associated nonco-
herent DCMC capacities are also derived. Furthermore,derdio beneficially incorporate
the MSDSD algorithm into our cooperative system, two meotes variants of the classi-
cal MSDSD algorithm are devised, namely the “relay-aided088"” and the “relay-aided
SISO-MSDSD". Finally, in Section 3.3.3, we also design avaated three-stage iterative
detection based transceiver for approaching the systeapaoity.

In more detail, in Section 3.1, the successive AF relayinlgéisingle-user DS-CDMA up-
link is conceived as our basic system prototype, where wise@/new hard-decision-based
relay-aided MSDSD algorithm as its noncoherent detectareme. We will demonstrate
that as a benefit of its diversity gain, our basic system pyptois capable of exceeding
the BER performance of the coherent detection aided simtebased direct-transmission.
Then, we further develop our prototype system from the shugler scenario to a more real-
istic multi-user scenario in Section 3.2. In this sectioe,will detail the associated noise ac-
cumulation problem imposed by the IRI in our system and daeig associated DS-CDMA
based interference suppression solution. The noncohBP@NC capacity of the AF based
SRAN embedded in a multi-user DS-CDMA uplink is also derivedsection 3.2.2. The
related capacity results will indicate that our AF based 8R# capable of significantly
outperforming both the conventional AF relaying and thgksidink direct-transmission. Fi-
nally, in Section 3.3, we develop our basic system protofgpe¢he successive DF relaying
aided multi-user DS-CDMA uplink for the sake of remarkalstyproving the system’s power
efficiency. The NC DCMC capacity of the DF based SRAN is alsovdd. The related
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simulation results reveal that the DF based SRAN may oudperthe AF based SRAN, es-
pecially in the low SNR region. In the spirit of improving tegstem’s energy efficiency, the
hard-decision-based relay-aided MSDSD is then furtheeldged by conceiving the more
powerful soft-decision-based relay-aided SISO-MSDSBidtlgm. Again, in Section 3.3.3,
arelay-aided SISO-MSDSD assisted three-stage iteraéimsdeiver is designed for support-
ing the operation of the proposed DF based SRAN. This trarescis capable of operating
close to the system’s capacity.

Chapter 4: Differential Interference Suppression Aided Noncohefmtcessive Relaying

A crucial challenge incurred in the context of NC-SR is thiasappressing the successive
relaying-induced interference. In Chapter 3, this probleas solved by invoking the classic
DS-CDMA multiple access technique. Nevertheless, thdtaadipenalty is a potential user-
load reduction for the DS-CDMA system. Hence, in this chapte attempt to tackle the
challenge of interference suppression with the aid of ow MS-DIS regime, which is a
novel amalgam of the adaptive modified Newton algorithm aed3ISO-MSDSD algorithm.

In more detail, in order to simplify our analysis, a simplifisystem model is described in
Section 4.1, where a DF based SRAN consisting of only foueadd SN, two RNs, and a
DN) is considered. In Section 4.2, the basic principles efddaptive MS-DIS regime are
highlighted, including the maximum signal-to-interfecerplus-noise ratio (SINR) criterion,
the adaptive modified Newton algorithm, as well as the reliaigd SISO-MSDSD. Then, a
MS-DIS plus relay-aided SISO-MSDSD assisted three-stagpo ttransceiver is designed in
Section 4.3, where the adaptive MS-DIS filter is employedaditst component of the DN
for the sake of interference suppression. Since the DNsreliemultiple antennas in support
of the MS-DIS regime, the single-antenna scenario consitlier Chapter 3 is further devel-
oped to a new multiple-antenna aided scenario. As a furtbetribution, the noncoherent
DCMC capacity of the multiple-antenna aided DF based SRAHNeisved in Section 4.4
as a benchmarker for assessing the proposed multiplerent@ided transceiver's perfor-
mance. We demonstrate in Section 4.5 that the MS-DIS filgedhtransceiver is capable
of efficiently suppressing the interference at the expeiismposing as little af2% train-
ing overhead, despite experiencing severely time-see&ayleigh fading associated with a
high Doppler frequency.

Chapter 5: Generalized Adaptive Network Coded Noncoherent Succeg&ilaying

In Chapter 5, we revert our discourse back to the context 6lCD®IA assisted NC-SR,
where a multi-user, multi-relay scenario is consideredoriher to efficiently organize the
cooperation among the multiple nodes of the large-scaleleds network considered, we
further develop the concept of adaptive network coded aatipe (ANCC) to its generalized
version, namely to our “GANC” regime. In order to improve thendwidth efficiency of the
proposed GANC scheme, we invoke the NC-SR arrangementhwhgults in the GANC
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aided SRAN. Moreover, instead of using a pair of separatevar&tand channel coding
arrangement, we opt for conceiving a joint network-chammoeling (JNCC) scheme, which

is capable of achieving a further coding gain.

In more detail, in Section 5.1, we devise the above-mentidBANC regime based on both
an ANCC and a DNC regime, which allows arbitrary channel mgdichemes to serve as the
cross-layer network coding, while remaining flexible imterof mitigating the effects of both
network topology changes and of link failures. The transioisarrangement, the related sig-
nal processing, as well as the major advantages of the ramybiinear block code (NBLB)
coded GANC and of the RSC coded GANC are detailed in this@m®clihen we incorporate
the proposed GANC regime into the successive DF relayingdaidulti-user, multi-relay
DS-CDMA uplink in Section 5.2. In the spirit of our INCC schegnwve devise a generalized
iterative detection based three-stage transceiver aothite for the proposed GANC aided
SRAN in Section 5.3. The proposed transceiver is also cepafichdapting to the network
topology changes. The robustness of the proposed GANC aioiecbherent SRANs hav-
ing different source group size to relay group size ratidsvestigated in Section 5.4 with
the aid of the extrinsic information transfer (EXIT) chanadysis method. We will demon-
strate that combining two DF based SRANSs and operating thiéimtiae aid of the proposed
GANC regime is capable of attaining a significant power gathwespect to operating them

independently, i.e. without any cooperation between them.

Chapter 6: Conclusions and Future Work

In Chapter 6, we summarize the main findings of the entireigheSpecific design guide-
lines are provided for clarifying the rationale of our desidgecisions, as well as for offer-
ing further insights into the applications of the advanceldtsons introduced in this thesis.
Further potential research topics are also outlined forfuhere. For example, we may in-
voke some more sophisticated signal processing techniguek as irregular convolutional
codes (IrCC). Finding optimal resource allocation schesnalso attractive for further re-
search for the sake of improving the bandwidth or energyieffiy of our system. Further-
more, we may employ some more sophisticated relaying pottpsuch as soft decode-and-
forward (Soft-DF) and buffer-aided relaying for furtheweaéoping our cooperative systems.
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As stated in Section 1.1, the single-antenna aided mobit®ss involved in cooperative communi-
cation constitute a MIMO system relying on distributed ant elements, thereby forming a VAA
for each participant. However, the channel estimation otilirantenna aided cooperative network
imposes a high compl