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Abstract

Transmission over the wireless medium is a challenge cosdptarits wired counter-
part. Scarcity of spectrum, rapid degradation of signalgrawer distance, interference
from neighboring nodes and random behavior of the chaneead@ne of the difficulties
with which a wireless system designer has to deal. More@merging wireless net-
works assume mobile users with limited or no infrastruct&@iace its early application,
relaying offered a practical solution to some of these emgies. Recently, interest on
the relay channel is revived by the work on user-cooperaibramunications. Latest
studies aim to re-employ the channel to serve modern wgeletsvorks.

In this work, thedecode-and-forwardD&F) relay channel with half-duplex con-
straint on the relay is studied. Focus is on producing aitalytesults for the half-
duplex D&F relay channel with more attention given to timéoedtion. First, an
expression for the mutual information for the channel withitaary time allocation
is developed. Introduction of the concept of conversiompeiplains some of the
channel behavior and help in classifying the channel inppeessed and unsuppressed
types. In the case of Rayleigh fadirgymulative distribution functiocdf) andprob-
ability density functior(pdf) are evaluated for the mutual information. Conseqyentl
expressions for average mutual information and outagegibty are obtained.

Optimal operation of the channel is investigated. Optinmaétallocation for max-
imum mutual information and optimal time allocation for nmmum total transmission
time are worked out for the case dhannel state information at transmittéCSIT).
Results revealed important duality between optimizatiabl@ms.

Results obtained are extended from a two-hop channel to amp&uof hops.
Only sequential transmission is considered.

A cooperative scheme is also developed based on the thoeeretay channel.
A two-user network is used as a prototype for a multi-usepeoative system. Based
on the model assumed, an algorithm for partner selectioreveldped. Simulation
results showed advantages of cooperation for individuatsuas well as the overall
performance of the network.
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Chapter 1

Introduction

Modern communication systems have become an importantgbatir day-to-day
life; the industry has grown in all dimensions. Telecomneations today has claimed
strategic as well as social and economic importance. Sesvitfered expanded from
simple voice and texts to live TV broadcast and the InterAeted by great advance-
ments in hardware, today’s communications systems aresdivand complex like never
before. In the heart of this revolution is wireless commatians; it is by all means the
fastest growing segment of the communications industrge&sing network resources
through the wireless medium offered users with indispelesalobility advantage.

The aim of this chapter is to demonstrate the motivationrxtiie work presented
in the thesis. Sectidn 1.1 briefly introduces some of the gpdead wireless systems,
challenges faced by these systems and how relaying helpsat@ome of the chal-
lenges. In Sectidn_11.2, objectives of this research aexliglong with the methodology
followed. Sectiori 13 lists contributions of the thesiddwled by a list of published
materials during the course of the research. Finally, anvo of the thesis is given
in Sectio 1.4.

1.1 Motivation
1.1.1 Wireless Communication Systems and Networks
1.1.1.1 Challenges

Designing a wireless communication system proves to be Beolge; transmission
over the wireless medium is ever hard. That, in addition kephardware restrictions,
hampers the performance of wireless systems and comgitate design. There are
three key features that differentiate the wireless chanaed wireless networks from
their wired counterparts:-

e Scarcity of Wireless ResoureesRadio spectrum is very scarce. It has to be allo-
cated fairly and used efficiently. Usually internationajamizations and govern-
mental bodies control assignment of frequency bands. Rgaadt of spectral
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licensing in some countries has reached astronomical 8gihéth the number
of wireless users rapidly increasing, it has become morealp to improve
spectrum efficiency by advancing transmission techniques.

e Wireless Broadcast Property (WBP) Signal transmitted by a wireless node is
received by other nodes located in the vicinity. As a reduiyo nodes transmit
at the same time and same frequency band, their signalaweliffere. To avoid
interference, there number of techniques to achieve ootfagy; such asime-
division multiple-acces§TDMA), frequency-division multiple-acce§SDMA)
or code-division multiple-accesS€DMA). User-cooperative communications
take advantage of WBP. Wireless users can help neighbor ngdesansmitting
their signal.

e Channel behavier It is noticed that power of the wireless signal degrades
rapidly with distance. In addition, communication over thigeless medium
suffers from large scale and small scale fading caused bgostiag and the
multi-path phenomena. Multi-path fading is a result of tbestructive and de-
structive addition of multiple components of the receivigshal [1]. Small scale
fading is even harder to deal with. Random changes in chamateissdue to
nodes’ mobility and environment dynamics further worses gituation. Poor
performance in wireless systems is largely due to fadingb&lility of experi-
encing a fade (and associated bit errors) on the channeinstang factor in the
link’'s performance.

Modern wireless devices are required to be compact. Sizactesh meandull
duplextransmission is usually inapplicable. A wireless termireah either transmit or
receive (but not both) at a given time and frequency bandotigh a full-duplex device
is possible, it is expensive and may also be ineffectivegesiine dynamic range of
incoming and outgoing signals can easily go beyond the stgghcange. Aalf-duplex
wireless device is more realistidime-division dupleXTDD) andfrequency-division
duplex(FDD) are mechanisms used to ensure separation betweenkugald down-
link channels. TDD and FDD are based on time-division mldikmg and frequency-
division multiplexing techniques, respectively.

Modern wireless devices are also required to support éiffieapplications. At
the same time they need to be cheap and lightweight. Morgbaed-held wireless
devices must incorporate small batteries, which leads toemestrictions on power
consumption. This is a particular issue for networks witifoued infrastructure, where
all nodes are required to be equally capable of carrying lbpracessing and control
tasks. In order to conserve energy transmission and sigoeégsing, they need to be
optimized for minimum power consumption.
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Different applications usually have different requirensevoice communication,
for example, requires low data rate, can tolerate relatikigh probability of error and
has harsh delay constraints; while data systems need highrata with small proba-
bility of error and relaxed delay constraints. Other aggilmns such as video confer-
encing, web browsing, sensing, short messaging and distdbcontrol have different
sets of requirements. Wired networks can usually accomteatiierent applications
using a single protocol. With lower rate and higher bit erade (BER), wireless sys-
tems are intolerable to design deficiencies. Therefors,mtore complicated to build
a wireless system that satisfies the diverse requirementsiitiple applications. Most
wireless systems are tailored to accommodate only a fewcapipins, which results in
a large number of systems and standards. This kind of diyensposes restrictions on
evolution of future wireless systems and integration betweurrent systems.

To reduce deficiencies associated with layered approadhessmgning commu-
nications systems, design of wireless systems follows aselayer approach. That
further complicates design procedure. Wireless systersgmers must have inter-
disciplinary expertise in communications, signal prooegsand network theory and
design.

1.1.1.2 Modern Wireless Systems

Since Marconi’s first demonstration of radio transmissiori895, we witnessed the
emergence of a large number of wireless systems. This eamtgevolution is a result
and part of advancements in other fields such as informatidrcammunication the-
ory, electronics, computational systems, control systenassignal processing, which
allowed for complicated systems to be built. Until recentlyreless communication
systems have achieved limited success due to high cost anddta rate. During the
last two decades the situation has dramatically changeejess systems are rapidly
growing like never before. Every part of the network is beiegplutionized, from the
end user’s equipment to the core network and from the phlyisigar to the network
layer. Here we explore a few of the most popular systemsudssthe main factors that
led to their success and demonstrate some of their featndefsiure prospect.

Two key technical advancements contributed significarlyhe current leap in
wireless communications. The first is the concept of frequeause developed by re-
searchers in AT&T Bell laboratories|[2]. According to thermiple, since power of
transmitted signals falls rapidly with distance, two usgs transmit on the same fre-
guency band at the same time without causing serious inéexde. This led directly
to the emergence of cellular systems. Cellular architedtagesignificantly improved
efficiency of spectrum and allowed for large numbers of usémequency reuse is
not limited to cellular systems, howeveWireless local area network8VLAN) and
wireless personal area networkd/PAN) are allowed to operate in the unlicensed fre-
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guency bands. With restricted transmission power, theaghigh probability that these
networks can coexist and operate without causing serigagfénence to each other or
to other systems operating on the same band.

Then there was the switch to digital communications. Thea ofedigitizing ana-
logue data can be linked back to the famous theoretical wbKaude Shannon [3]
in 1948. By bringing the idea into practice, doors opened iod@ew possibilities in
telecommunications and the whole architecture of comnatinios systems was revo-
lutionized. Following are a number of the advantages brobghligital systems:-

1. Allowed for the integration of voice and data systems.

2. Allowed for integration of communication systems and patational systems
so that more complicated systems could exist.

3. Significantly improved system efficiency.

4. Intelligent codes could be built which allowed error+eation, data compression
and secured transmission.

5. Cost has significantly dropped.
6. Digital devices are in general cheaper, faster, smatidicansume less power.
7. More services and applications could be fitted into théesys

Cellular systems are probably the most successful wirelgsterms. Mobile
phones are replacing their fixed counterparts in developededl as developing coun-
tries, making them a critical social and economical tool. réthan 2 billion users
are served by these systerns [2]. Cellular systems very sfodgsexploit frequency
reuse; coverage area of a cellular system is divided inteaseds or cells, where each
cell is assigned a subset of available channels. The sanué skeannels can then be
reused by another cell far away enough. Consequently, themnsysn serve more users
and spectrum efficiency is significantly improved. By shiftto digital technology in
the second generation, cellular systems became more effarid the range of services
offered expanded. It also became possible to provide datecee The3rd Generation
Partnership Projec{3GPP)long term evolutioLTE) is the latest standard in cellu-
lar systems. LTE specifications include high spectral efficy, very low latency and
inter-working with other wireless systems.

History of wireless data networking goes back to 1971 [2].e Tinst data sys-
tem based on packet radio, ALOHANET, was developed at thedusity of Hawaii.
Many of ALOHANET’s channel access protocols and routingoathms are still in
use. Commonly, wireless data networks are classified, basewwerage area, into
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three typeswireless wide area networK8VWAN), WLANs and WPANSs. In addition

to having the widest coverage, WWAN differs from the other twmes in that it serves
both fixed and mobile users. WWANSs are cellular-like systerhene geographical
areas are covered by a number of access stations. Re&&atlgwide Interoperability

for Microwave AccesBViMAX emerged as a wireless broadband access based on the
IEEE 802.16 standard. WiMAX aims to provide broadband vesslaccess for variety

of devices, both fixed and mobile, in range of a few kilometeym a base-station [4].
Due to its relatively low cost of deployment, WiMAX is replag cellular data services
and in some areas wired data services.

WLANS offer high speed data services to fixed and slow-movisgrs within a
small region, e.g., a campus or small building. Based on thmilpo IEEE 802.11
standard, Wi-Fi is a widely used WLAN technology. An accessip@lso known as
hotspot) can connect number of wireless users on a peardaobasis, to anothéwcal
area network(LAN) or to awide area networKWAN) such as the the Internet. Then
number of access points can be arranged to cover largemseg©n the other hand,
WPANS have the smallest coverage area. WPANS typically ioterect devices within
only a few meters. Bluetooth is a popular WPAN technology basetthe IEEE 802.15
standard. Owing to their low transmission power, WLANs and WBAise unlicensed
frequency bands, which has a significant effect on cost atr@@ses the popularity of
these networks.

Satellite systems are of the earliest wireless systemgvibee mainly used to re-
lay transmission between earth stations where direct atiomels not possible. Satel-
lite systems are challenged by low data rate, long propagatelay and high power
consumption. TV broadcast is a popular application of ttstems. In telephone
applications, satellites are used as part of the core nkfwalaying calls between cen-
tral switches possibly located in different continents.tWthe flourishing of optical
fiber transmission lines and sub-marine cables, sateligismuch of their signifi-
cance. However, they continue to offer services to rematasarsuch as the Arctic
and Antarctica, and to some mobile applications where ©gh$i impossible such as
communication to ships and planésw earth orbit(LEO) satellite constellations were
proposed to provide direct access to mobile phones. LEQdesssand have lesser la-
tency too. Nevertheless, they did not flourish due to the bardpetition from cheap
and less power-demanding cellular systems.

All the above systems rely, in one way or another, on some &ingired in-
frastructure. Usually, only the last link between end userd access points (or base
stations) is wireless. Access points not only act as gatewayhe network, but they
carry out most control tasks and signal processing so tlthiiser’s devices save power
for transmission. Still, most wireless systems are chgherby the last mile problem
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due to the unreliability of the wireless channel. Some dm&tions of existing systems
remain impractical in many regions due to the lack of propsecage.

1.1.1.3 Ad Hoc Networks

Another problem with systems which rely on infrastructugéhat they are unreliable
in emergency situations such as natural disasters and waeport addressing lessons
from emergency response to the 7 July 2005 London bombiagsstite use of GSM
mobile telephones by front-line staff in the emergencyisesvshould decrease with
the move to new dedicated digital radio systems which all@xethergency services to
communicate between each other more edSily

Wireless ad hoc networks are decentralized networks whachbe rapidly de-
ployed in areas where no infrastructure is available. Tharaaof ad hoc networks
makes them suitable for emergency applications. Othelcgtigins include wireless
sensor networks, automated highways, automated facemitelemedicine.

Mobile ad hoc network6MANET) are a kind of wireless networks where nodes
are mobile. MANETs can be formed by vehicles, ships and glawireless mesh
ad hoc networks is another type of ad hoc networks. In additbouser nodes, these
networks have mesh routers. Mesh routers are multi-irderfeodes, and often have
more resources compared to user nodes in the network anadnuse exploited to
perform more resource intensive functions.

Recently, some centralized systems also allow limited adbecation. For exam-
ple, both IEEE 802.11 and IEEE 802.16 standards support adnodle of operation.
Peer-to-peer connection can be established without heip &n access point. Mesh
networking is also supported by 3GPP LTE, where self-omghnetwork (SON) op-
eration is allowed. LTE eNBs (similar to base stations in G®&l) connect directly
using wireless links, eliminating the need to connect tglote core network [6]. Ter-
raNet has recently developed a system which allows mobéesus connect directly
when they are out of coverage area of the traditional celhddéwork. TerraNet aims
to provide access to people in rural areas and where invasimafrastructure is not
viable. In disaster areas where the traditional commuioicatnetworks are down, a
TerraNet-based telephone system can be set up in a few gurs |

Ad hoc networks have a dynamic structure as nodes can frealyect or discon-
nect from the network. A functioning network must be abledpe with this dynamic
restructuring, preferably in a way that is timely, efficiergiable, robust and scalable.
Nodes are required to be able to carry all control and nepesgmal processing tasks.

Connectivity in an ad hoc network is a particular issue. Timaasion is often car-
ried out over multiple wireless hops. Any routing algoritimust consider the limited
resources available to nodes and the dynamic nature of th®rke When traditional
routing algorithms are applied to ad hoc networks, serissigdas arise [8]. This is less
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Figure 1.1: Examples of early applications of relays in transmission over long dis-
tances.

pronounced in systems which rely on infrastructure.

1.1.2 Wireless Relay Channels

In today’s modern society, freedom offered exclusively iceless users is indispens-
able. Besides, the Internet and the evolution of applicatiotroduced a need for

higher rate and more robust networks. It is thus appealingpoove wireless commu-

nications systems even more. Researchers are working ordee/to solve untackled
problems; all parts of the system are targeted. In the thesisetheless, we consider
the relay channel as a means to improve wireless conngctivit

Relaying can be important for some systems, such as cellysaerss, in order
to achieve specified requirements. For ad hoc networks,eottier hand, relaying is
essential to ensure connectivity between nodes. Relaysograpresents the basis for
some of the emerging paradigms such as cognitive radio arecosperative commu-
nications.

Relaying was in use long before modern telecommunicatiorok®rand fire bea-
cons used to send important messages over long distandeg dacient times. Use of
wireless relaying in telecommunications started in dufifgOs in the USA[9]. At the
time, it was considered an efficient way to extend the rangeaosmission between
fixed stations. As explained in Figure 1.1, relaying was ps&gl mainly to tackle
problems like earth curvature, path loss and irregulaatesrwhere direct transmission
is unattainable. The use of satellites in communicatiorth@sbest example demon-
strating the use of relay channels for range extension. ditiad, the relay channel is
currently seen as a means to achieve diversity in transonisgsicombat fading, as will
be explained next.
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1.1.2.1 Diversity in Communications

The subject of providing diversity in reception to remedyaghel impairments has
been investigated for decades. Diversity is particulasigful in fading channels where
increasing transmission power is ineffective in combatthgnnel impairments. It is
known that detection error probability decays exponelgtialreceivedsignal-to-noise
ratio (SNR) in a single channel witadditive white Gaussian noiS&WGN) only,
while it decays only inversely with the SNR in fading charsdl0]. Diversity is more
effective on flat fading channels. [11].

Diversity is achieved by combining multiple copies of thersil transmitted over
independent channels. The probability of having all chémimedeep fade, which leads
to decoding errors, is less than that for a single channel.

In fading channels, as explained above, diversity is usedasans to improve re-
liability by repeating the same signal over parallel indegent channels. Alternatively,
by transmitting independent information streams overdhiedependent sub-channels,
data rate is increased. Both types of gain can be simultalyeobtained for a given
channel, but there is a fundamental trade-off between hoghnofi each any coding
scheme can get. This is known as theersity-multiplexing trade-off12,[13].

Diversity can be obtained over time, frequency, space ocampbination of these
dimensions. Temporal diversity is obtained by retransmitting data packets in time
intervals greater than channaherence timétime over which channel changes sig-
nificantly). It can also be achieved via coding and interilegywhere information
bits are dispersed over time in different coherence persadthat different parts of
the codeword experience independent fades. Coding andeaerg is implemented
successfully in Global System for Mobile Communication (GSknalogously, in
frequency selectivehannels, diversity is achieved by dividing the channed imtset
of orthogonal sub-carriers, each experiencing narrow eugiency non-selectiver
flat) fading. Information bits are then repeated or interleaasss sub-bands.

Spatial diversityon the other hand, is obtained by transmitting data streaas
multiple independent paths. Multiple independent chaaet created by attaching
multiple antennas to transmitter and receivdultiple-input multiple-outpu{MIMO)
systems are widely acknowledged as an effective means touagerformance. In
cellular systems, for example, multiple antennas spac#itisatly are employed at
base stations (see Figlre]1.2). MIMO is also specified in WyWi-Fi and LTE (see
for example[[4, 15]).

Mounting multiple antennas is not always feasible; comsttsan power consump-
tion and physical size prevent mobile users from havingiplalantennas. In that case,
spatial diversity can be achieved through relay channeleldyrnode offers an inde-
pendent alternate transmission path. Diversity obtainecklaying is also referred to
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Figure 1.2: Multiple antennas at a base station of a cellular system. Photo obtained

from [14].

by cooperative diversitj16].

1.1.2.2 Multi-Hop Relaying

Instead of a single relay and two-hop transmission, a sawde can transmit its signal
over multiple hops using multiple relays. Multi-hoppingais efficient way to expand
transmission range for power constraint systems. Thisrigcpéarly important for ad
hoc networks. When users are spread in a wide area, multishibg ionly means that
allows more nodes to remain connected. For example, in ssgstems nodes depend
on limited power batteries users need to save power for loogeration life. Multi-
hopping is as essential to ad hoc networks as frequency ietseellular systems.

Cognitive networks is another application where multi-hefaying is useful.
Cognitive radio aims to improve spectrum efficiency by allegvsecondary users to
use licensed frequency bands when that does not cause hammiary users. The
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0O Primary user
(@) Secondary user

Figure 1.3: Secondary users are allowed to use licensed bands if those bands are u
used or if they can make sure that no harmful interference is caused to
primary receivers. Multi-hop relaying is helpful in the sense that trans-
mission power can be kept low in order to reduce interference caused to
primary users.

spectrum of licensed channels can be categorized wide holeswhere the primary
network is inactivegray holes where the primary network is operating with low power
andblack holes where the primary network is operating with high power [16fc-
ondary users have the right to fully exploit white holes whihnned from black holes.
Secondary users are allowed to operate in gray holes asumeir the condition
that interference caused at primary receivers is tolerabtgpical scenario is shown in
Figure[1.8. A secondary source can not exceed a maximunmission powerr,, ,.;
otherwise connection between primary users is disturbaudth® other hand, a min-
imum powerP,,;, is needed to establish a connection with the secondaryndéisin.
If only direct transmission is allowed, then the secondaryrse is allowed to transmit
only if P, < Pnax. However, other secondary users can help by establishingta m
hop route from the secondary user to the secondary destmnadi carefully selected
route ensures that neither the secondary source nor ang oéldy nodes exceeds its
maximum allowed transmission power.

1.1.2.3 User-Cooperative Communications

Recently, application of user cooperation techniques iebess systems has received
much attention. User-cooperative communication is a fdrooommunication in which
users work together to improve transmission. Cooperativesity is accomplished by
having a cooperating partner acting as a relay to forwarddbeived information from
the user.

Cooperative wireless systems exploit the broadcast pyppéwtireless networks.
Nearby nodes are able to receive the source’s signal, attreoadst. These neighboring
nodes can then act as relays, helping the destination talretransmitted message.

The work presented in the thesis, and most of the recent wakday channels, is
motivated by interest in user-cooperative communicatiémsnultiuser systems, user-
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cooperative transmission offers a flexible and dynamiaradieve to obtain some of
the advantages of spatial diversity, especially when hardwestrictions prevent the
use of multiple antennas. This is more pronounced in ad htweanks where relayed
transmission by cooperating users can improve connecheitween nodes.

1.2 Objectives and Methodology

Wireless D&F relay channels showed modest performance adwesidered for cooper-
ative communications. This is mainly due the half-duplemstmaint on the relay where
time is assumed to be shared equally between the source eimdiehe relay(s) [17].
Channel performance may improve if time is allocated diffélge Information theory,
however, does not offer tools necessary to analyze the ehfonmsuch cases. The aim
of this thesis is to fill this gap by producing formulae neeeggo analyze the chan-
nel for any time allocation. That can lead to more benefith @scoptimizing channel
performance by choosing the best time allocation policy éensing more efficient
cooperative protocols.

This thesis studies the D&F relay channel with half-dupleges and any number
of hops. We aim to produce analytical results that are ugefuhformation theoretic
analysis of the channel. Mutual information and averageualubformation are con-
sidered for measuring the throughput while outage proltaslassumed for reliability
measurement. All results are functions of time allocatirailable time is allocated to
the source node and the relay node (or nodes) in order to gomighl the half-duplex
operation. Similar results can be produced in the case qiiénecy allocation.

Fundamentally, relaying can be applied to any wirelessesyshowever, the im-
portance and effectiveness of relaying varies for diffesyrstems. No particular ap-
plication is considered; instead, this work considers agadmwireless relay channel.
Both AWGN and Rayleigh fading channels are considered.

As optimum operation is always a concern for wireless systame seek time
allocation policies that achieve the optimal performan®eace again, we aim to pro-
duce analytical results when possible. In particular, weiaterested in the optimal
time allocation that maximizes mutual information, maxies average mutual infor-
mation or maximizes link reliability. We are also seeking tiptimal time allocation
that minimizes total time used for transmission while maiiming a minimum required
performance. Choosing the optimum route is also considerédei case of multiple
relays.

Since this work is partly motivated by user-cooperative samication, we pro-
pose a cooperative scheme based on relaying. The propdsededs to be practical,
reasonably simple and realistic so that it demonstrates safnthe important issues
related to user-cooperation communications. Particul@nton is given to partner
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Mutual information for
Phase 1
3-node channel
Phase 2 Rayleigh fadi Optimal operation

Multi-hopping

Figure 1.4: Work flow diagram. Arrows indicate order at which topics are dealt with
as well as dependencies between topics.

Phase 3

selection, fairness, resource allocation and interaatitm upper layers.

Figure[1.4 illustrates the tactic used to deal with the almbjectives. Work took
place in three stages. We started with the simplest relayreiavhich is the three-node
AWGN channel. Results produced for this channel formed thes basall results to
follow.

In the second stage, results for the three-node AWGN chamaebxdended in
two directions. First, we considered the case of the thoeerthannel with Rayleigh
fading. In addition, solutions to optimization probleme generated for the three-node
AWGN channel.

The last stage aimed at two tasks. The first task was to prapasedel for user
cooperation in a multi-user network. The proposed modekisvdd from the three-
node AWGN channel. Moreover, solutions to optimization peais for that channel
were useful when some cooperative issues are addressed.

Finally, we dealt with the multi-hop relay channel. That isné by extending
all results produced for the simple two-hop channel to anyler of hops. That in-
cluded mutual information, average mutual informationtage probability and opti-
mum routing (route selection and time allocation). Figu#éshows topics tackled and
the connection between them.

1.3 Contributions

The following is a detailed list of contributions:-

1. Mutual information formula for the D&F relay channel wittalf-duplex con-
straint on the relay is worked out for the case of AWGN chanméth any
number of hops and any time allocation policy. Results areegdead for the
three-node channel and later generalized to any numbefaysteOnly sequen-
tial channels are considered; that is, channels with ondyteansmitter at a time.
The concept of conversion point is introduced. Closely eelathannel classifi-
cation based on channel conditions is also establishedtypeeof the channel
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and its conversion point give an indication of its generdiawor for different
time allocations. This proved useful for relay selectiorihia case of optimum
relaying and partner selection in the proposed user-catipercommunication.

2. In Rayleigh fading channels, cdf and pdf are evaluated faual information of
the D&F relay channel with half-duplex constraint on theayednd any number
of hops. Consequently, it was also possible to work out aeenagfual informa-
tion and outage probability. Again, results are first geteetdor the three-node
channel and then extended to any number of hops. Technigagasigeneral and
can be utilized to work out the same quantities for other nkEnwith different
kind of fading.

3. Optimum relaying strategy is worked out for the channdijcl includes the
optimum time allocation policy for the three-node channelthe case of more
than one relay, optimum routing involves route selectiowakas optimum time
allocation. The aim is to maximize throughput, measureceims of mutual
information or to minimize total time while maintaining tsame throughput.
Solutions revealed an important duality between thesempdition problems.

4. Based on the three-node relay channel, a two-user copgenatwork setup is
proposed. A cooperative network scenario is studied. A é&wark is proposed
to deploy a cooperative prototype to a multi-user networkvegal related is-
sues are addressed, which include cross-layer designesasir partner selection
and time allocation. Simulation results are generated aadlyaed, comparing
cooperative and non-cooperative performance for mu-ngtworks. Numer-
ical results suggest a strong connection between coopergsin and network
parameters such as path-loss, node density and average SNR.

1.3.1 Publications

Results presented in this thesis are also published as fHow

e K. K. Wong and E. Elsheikh, Optimizing time and power allosatfor coop-
eration diversity in a decode-and-forward three-nodeyreleannel,Journal of
Communications, Academy Publisheol. 3, no. 2, pp. 4352, Apr 2008.

e E. Elsheikh Wireless D&F Relay Channels: Time Allocation StrategiesGor
operation and Optimum OperatioGermany, LAP LAMBERT Academic Pub-
lishing, to be published.

e E. Elsheikh, K. K. Wong, Y. Zhang, and T. Cui, Chapter 11: Ussoperative
Communication,Cognitive Radio Communications and Networks: Principles



1.4. Thesis Overview 28

and Practice A. Wyglinski, M. Nekovee and T. Hou (editors). New York, USA:
Elsevier Press, Jan 2010.

e K. K. Wong and E. Elsheikh, Optimized cooperative diversdy a three-node
decode-and-forward relay chann@EE Int. Symp. on Wireless Pervasive Com-
puting Feb 2007.

e E. Elsheikh and K. K. Wong, Wireless cooperative networkatiership selec-
tion and fairnesdFIP Wireless Days Conferencllov 2008.

e E. Elsheikh and K.-K.Wong, Unleashing the Full PotentiaReflaying,London
Communications Symposiu®ep 2007.

1.4 Thesis Overview

The remainder of the thesis is organized as follows. Chapi@res background infor-
mation and discusses related work. Topics discussed iaglirgless communications,
relay channels, cooperative communications and some fo@dial information theo-
retical concepts.

Chaptei B is the most important single chapter in the theslsotAer chapters
rely on results presented in that chapter. There, mutuatnmtion for the AWGN
three-node D&F relay channel with half-duplex constrainttioe relay is derived for
arbitrary time allocation. Based on realizations of chatedlavior for different chan-
nel conditions, classification of the relay channel is d&hbd. Moreover, the concept
of conversion point is introduced. Later in the chapter, @actel with Rayleigh fading
is considered. Both average mutual information and outagjegtnility are worked out.
In order to do that, it was first necessary to obtain distrdsufunctions for mutual
information random function. Average mutual informatiordaoutage probability are
also presented as functions of time allocation.

Chaptet 4 deals with some of the optimization problems of Hannel. In partic-
ular, optimal time allocation policies are sought to mazenmutual information and
to minimize total transmission time. Analytical solutioaise obtained for both prob-
lems. Furthermore, it is possible to establish an impodaatity between optimization
problems by comparing these solutions.

User-cooperative communication is discussed in Chapter BwvoAuser cooper-
ative model is presented. Later, that model is used as atppatdor cooperation in
a multi-user network. Several issues are addressed imgjuathe allocation, partner
selection, and fairness. Simulation results are presemteldanalyzed. Connection
is established between cooperation gain and network paeasech as node density,
path-loss factor and average SNR.
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In Chapter 6, results from Chapter 3 and Chapter 4 are extendediltehop
relay channel. In addition to mutual information, averagéuml information and out-
age probability, this chapter deals with the problem of faigdihe optimum route and

optimum time allocation.
Finally, Chaptef]7 concludes and summarizes the thesis akd &t its contribu-

tions. This is followed by a discussion of potential futuesearch.



Chapter 2

Background and Related Work

This chapter gives an essential background on some of thestogdated to the thesis
and explores other researchers’ work which can be linkedegtoblem considered.
Giving a comprehensive literature review is impracticaktead, focus is on studies
which have a strong connection to the thesis. Other impbdiamlies are also refer-
enced. Section 2.1 focusses on wireless channel modelthgx@amines some of these
models and criteria for model selection. The relay charmedviewed in Section 2.3.
In Sectior 2.4 user-cooperative communications are cereid Finally, a summary of
the chapter is given in Sectién 2.5.

2.1 Modeling The Wireless Channel

Establishing a model is the first step when conducting rebeaA good model is
essential for producing useful results. A model is charastd by its accuracy and
practicality. An accurate channel model is the one thatesgfally imitates all effects
of the channel on signals.

When modeling the wireless channel we need to address tlsvind effects of
the channel:-

1. Electronic noise produced at the receiver.

2. Interference caused by neighbor nodes transmittingeasdime time and in the
same frequency band.

3. Path loss, which is the attenuation of the transmittedadigue to dissipation of
the transmitted power.

4. Shadowing, which is the attenuation of the transmittgdaidue to obstruction
caused by obstacles.

5. Multi-path fading caused by constructive and destrediydition of in-phase and
out-of-phase multi-path signal components.
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In the thesis it is assumed that transmission orthogonaliept all the time,
which means that the channel is always interference-frath IBss and shadowing are
thelarge-scale propagation effectghile multipath fading is themall-scale propaga-
tion effect This categorization refers to the rate of change in redesignal caused
by each of these channel impairments. Fading is also cledsfflat or frequency-
selective Flat fading occurs when all of the signal’s spectral conguis are affected
in a similar manner. One the other hand, frequency-seked¢tiding occurs when a
signal’s spectral components are not all affected equgliyhe channel [1].

The model also has to take into account the time-varyingreatfithe channel
resulting from user mobility and environment dynamics. ikgds classified agastor
slowbased on the rate at which the channel changes.

Researchers have devised a number of models for the wireledsl mSelection
of a suitable model usually involves a compromise betweenracy and practical-
ity. Ultimate accuracy can be achieved by solving Maxwedbgiations with suitable
boundary conditions. That requires detailed informatibthe physical characteris-
tics of surrounding objects. Since it is usually difficultdbtain this information, and
sometime impossible, solving Maxwell’'s equations is ingbical.

On the contraryfree spacemodel is the most simple model that tells the least
about the channel. It assumes an environment which is voahpfobstructer. Thus
only line-of-sight (LOS) path is considered. According ted space model, the ration
of the received signal power to the transmitted signal pasvgiven by,

PRX
PTX

= k(f)d™%, (2.1)

wherea denotes the path loss exponent (typically ranging from 2 69 andk is

an appropriate constant, function of frequerfcyhat accounts for the antenna pattern
in the direction of transmission and other hardware losges. dependent on carrier
frequency.

A practical approximation to solving Maxwell’'s equatiorssray tracing This
method considers the number of paths through which the Isggppagates. To sim-
plify it further, reflection and refraction are taken intaaant by ray-tracing, while the
more complex scattering is ignored. Ray-tracing requiresw@dge of the geometry
and dielectric properties of the region through which tigmal propagates. The number
of paths to be taken into account to achieve reasonableaxcdepends on the com-
plexity of the modeled channel. For example, two-ray mosl@ good approximation
to propagation along highways and rural roads, while motespaust be considered
for indoor propagation.

Empirical methods are also used to model the wireless clhaRie a particular
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area, an empirical model is established by measuring thenehat given distances
for a given frequency range. A disadvantage of these modédlsat their accuracy is
always questionable when applied to other environments.

There are also severatatistical/probabilistic modelsvhich are widely used to
model the channel. These are more appropriate for studigambehavior of a general
wireless channel and they fit most of the scenarios wherdraayng is deemed im-
practical, that is, when the number the multipath compansniery large or dielectric
properties of the environment is unknown. Probabilisticdele are also suitable for
channels which change unpredictably.

Nakagami distribution is a general probability distriloutideveloped to fit a wide
variety of empirical measurements. pdf for a Nakagami idbisted random variablé&
is given by [2],

Qmmx2mfl

B = Ty B

2
exp L_?F;(IZJ , m>0.5, (2.2)
whereE]| ] is the expected value aid.) is the Gamma functiont [ X?] andm deter-
mines characteristics of the distribution. They can bestdplito fit statistical informa-
tion for a given environment [2]m, in particular, indicates the severity of the fading,
with m = 0.5 as the worst case. When = oo the received signal has a constant
power, that is, an AWGN channel, i.e., without fading.

Whenm = 1 in Nakagami distribution, the channel is Rayleigh distrdult
Rayleigh distribution is widely used as a statistical modetlie general wireless chan-
nel. Rayleigh fading is most applicable when there is no LO&thare are many re-
ceived signal components through deflection, reflectionsaadtering. Originally, it
was viewed as a reasonable model for tropospheric and ibedspsignal propaga-
tions. It is also used to model transmission through hedwillt-up areas such as city
centers|[1].

Rayleigh phenomenon is a direct consequence of the centrdltheorem. In
simple terms, when many random components are receivede#th@nd imaginary
parts of the sum signal tend to be normally distributed, rélgas of the distribution
of individual components. Consequently, amplitude of tleeresd signal is Rayleigh
distributed while the phase has a Uniform distribution.aih @lso be shown that if the
received signal is Rayleigh distributed, then power of tleeireed signal is exponen-
tially distributed.

The thesis assumes a Rayleigh fading channel. Moreoveassismed that fading
is flat and slow. We also consider the AWGN channel. AWGN chaare the classical
model for communication channels where noise is the onlpieeempairment. Fading
channels can be viewed as AWGN channels with randomly chgr&WR. That makes
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(a)
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(b)

X—> p(y[x) — Y

Figure 2.1: Single point-to-point channel, (a) operational (physical) representatio
and (b) information theoretical (probabilistic) representation.

AWGN channel model a good starting point to study fading scesa

2.2 Mutual Information and Channel Capacity

In information theory, a mathematical representation obiatsto-pointdiscrete mem-
oryless channglDMC) communication channel consists of two random varishlé
andY’, corresponding to the input and output sequences and a sehditionalprob-
ability mass functiongpmf), p(y|x), for eache € X andy € ), X and) finite sets of
channel input and output alphabets respectively (see é@drb).

Channel capacity is the basic information theoretic peréoroe measure for a
communication channel. As first introduced by Claude Shaim{8], channel capac-
ity is the maximal rate at which information can be sent over tranel with arbitrary
low probability of error [18]. Mathematically, channel gty for a single channel
equals the maximum mutual information betweérandY’, maximized over all possi-
ble input distributionsp(z) [2],

C= m(a§< Z(X;Y) bit/channel use (2.3)
plx
Mutual informationbetweenX andY’, denoted ag(X;Y), is a quantity that
measures their mutual dependence. In other words, it tellsnuaverage how much
information we have abouX givenY or vice versa/[18]. Mathematically that is ex-
pressed by,

T(XY) = 30 Y plany) o 120 (2.4)

TeX yey (2)p(y)’

wherep(x), p(y) andp(x, y) are the marginal pmf foX, the marginal pmf fol” and
the joint pmf for X andY’, respectively. Unless otherwise mentioned, logarithnes ar
taken to base.
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DMC capacity in[(2.B) can be extended to the case wKieandY” are continuous.
For the single channel in Figure 2.1, the received signdlextiestination is,

y=hx+ z, (2.5)

whereh is a constant accounting for the channel gatnaccounts for the noise and
is assumed to be normally distributed with mean equals zedovarianceN,. This
AWGN channel has a capacity of,

2
C = log (1 + P]’V—h’) bit/sec/Hz (2.6)
0

whereP is the transmission average power constraint given by
LN B[l < P, (2.7)
=1

for any codewordz;,zs...x,). C in (2.8) is achievable wheX is normally dis-
tributed with zero mean and varianee

In fading channelsh is considered to be a random variable. Goldsmith and
Varaiya studied the point-to-point fading channellin/[19]hey showed that capac-
ity is achievable by means of adaptive power allocationnapies where transmission
power is allocated according to channel state. That redfuleknowledge of the chan-
nel at both transmitter and receiver. The allocated powék,) is subject to the long
term power constraint

AmemmwmasP, 2.8)

where,|h|* is channel power gain with pdf,: andb is an arbitrary variable that can
take any valueh|? takes. The optimal power allocation that achieves capigity

Who (7 — ) B = Ha,

P(h) = IhI? (2.9)
O, |h|2 < ch7
for some cut-off valuédy, which can be obtained by numerically solving
> W Ny ( 1 1)
_ — 2(h)dh = 1. 2.10
W P \Ha b fin2(b)db (2.10)
The corresponding capacity is thus
C= W log (i) fini2(b)db bit/sec (2.11)
Hi Hy,
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Figure 2.2: A three-node relay channel.

This kind of power allocation is known agater-filling in time. Water-filling can
also be in frequency for frequency selective channels opats for MIMO systems.

Channel capacity is in general a quantity that is difficultmol fiFor most channels,
there is no closed-form solution. Capacity of the relay cledihas been under inves-
tigation for long time. However it remains a challenge, et@rthe simple three-node
case. An upper bound was obtained by Cover and El-Gamal inbj2@h application
of the cut-set theorem.

Rather than considering a general relay channel, the theeslges a specific re-
laying strategy, that is, D&F relaying. Consequently, fo®n producing mutual
information results for the channel. In the case of fadingttels, we also try to obtain
expressions for average mutual information and outagegtibty, both derivatives of
mutual information.

2.3 Relay Channels

Theoretical study of the relay channel goes back to 1960s.dlsatellite systems in
telecommunications in the 1970s motivated extensive warthe channel [9].Van der
Meulen was the first to introduce the three-node model cbngisf a source node, a
destination node and a relay nodelin/[21]. That model wasstiy&ted by Cover and
El-Gamal in [20]. Cover and El-Gamal considered discrete AW@lidly channels and
derived achievable rate based on some random coding ted®s|80]. More specif-

ically, they also derived the capacity for the physicallygdeled class of channels.
Later, more discussions on capacity and capacity-aclgesodes appeared in [22-26].
Despite all work on the channel, capacity of the generalyreteannel remained an
unsolved problem.

While developing a proper model, deriving capacity and desgycoding strate-
gies were the main concern of previous studies, whereastreagk has also taken
into consideration other issues and extensions such agphauklays and multi-hop
transmission [27—35], resource allocationl[35-40], nuskr relay networks [41], relay
selection([42, 43], coding [44—-46] and cross layer issubs43].
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Figure 2.3: Block diagram for the three-node relay channel.

2.3.1 A General Three-Node Channel

A three-node relay channel consists of a source node, andést node and a relay
node. The source intends to send a codewotd the destination. It first broadcasts
w to the destination and the relay nodes. In turn, the relay rseshdsog to help the
destination decode. Figure[2.8 shows a block diagram for the general network wit
a single relay.

There are several ways in which the relay node can make udeeddignal it
receives from the source node. One approacimnglify-and-forward(A&F) relay-
ing, where the relay simply sends a scaled copy of the redeivesy signal. Another
method is D&F relaying, where the relay transmits a re-eadatbpy to the destina-
tion after decoding the transmitted message. A&F is easynfileément, but the noise
at the relay may be amplified, which makes it unsuitable foltifm@p scenarios. On
the other hand, D&F provides a more reliable solution at tet of increased complex-
ity. Due to the repetition nature, a common disadvantage&F And D&F relaying
is the inefficient use of the available degree of freedoms Thespecially apparent in
half-duplex constraint relay systems.

Coded cooperation [48-50], on the other hand, integrategezative communi-
cation into channel coding. Instead of repeating its padraata, a cooperating user
sends some overhead bits, or just part of the codeword. Teé/ez makes use of both
transmitted parts to generate the correct codeword. Obljdlis improves resources’
utilization with added coding complexity.

Focus of the thesis is on D&F relaying. D&F relaying is reasday simple, prac-
tical and can be systematically extended to more complewpsefThese factors make
D&F more suitable for application in existing systems withmany modifications. It
is also appropriate for ad hoc networks. The efficiency ofecbiklaying makes it the
protocol for future relay channels. More work on coded relgys still needed.

Three D&F coding strategies are known to achieve the maxirtramsmission
rate possible. Using descriptive names used in [31], thieategies areirregular en-
coding/successive decodinmggular encoding/backward decodimgdregular encod-
ing/sliding window decodingAll three strategies are based on dividing the message
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Time slot 1 Timeslot2 Timeslot3  Time slot 4
Source | x(w) x(w,) x(ws) x(1)
Relay | xg(1) xgr(w1) Xr(w2) Xg(w3)

Figure 2.4: Example illustrating regular encoding/sliding window decoding scheme.
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Figure 2.5: Multi-level multiple-relay channel

into blocks before transmission. The first strategy was use@over and El-Gamal
in [20], the second was introduced by Willems|[51], while thst was developed by
Carleial [52] (originally formultiple-acces$MA) channels). Regular encoding/sliding
window decoding is practically advantageous over the otWwertechniques since it
is the simplest of the three, expendable to multi-hop relgynd causes limited de-
lay. Figurel2.4 shows a regular encoding/sliding windowoding example in which
the message is divided into 3 blocks and sent in 4 time slatsug-of the thesis is on
achievable throughput; it is thus sufficient to assume anlgefbove coding strategies.
As we are not trying to devise a new one, we assume any of tloelsegctechniques is
used.

2.3.2 Multi-Hop Relay Channel

Multi-hopping was the focus of a number of studies. [In! [35]emeral multi-level
multiple-relay channel was investigated. The channel istets of a source node, a
destination node and number of relay nodes arranged irferelift levels, as shown in
Figure[2.b. Transmission is carried out in multiple hopshwélays at the same level
using space-time coding to transmit at the same time. Theesmode is located at
level 0, which contains only one node. Similarly levebnly contains the destination
node.

The efficiency of space-time coding for multiple relay chelsnwas discussed
in [17]. Performance analysis of a two-hop multiple-reldnacnel, shown in Figure
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Figure 2.6: lllustration of the two phases of the multiple- relay cooperative diversity
algorithm. In the first phase, the source broadcasts to the destination as
well as potential relays. In the second phase, involved relays (degodin
relays in the case of D&F) either repeat in orthogonal sub-channels or
utilize a space-time code to simultaneously transmit to the destination.

[2.6, demonstrated superiority over sequential transomisshen relays are half-duplex
constrained. Several implementation issues arise, haw@ree problem encountered
is that we need a space-time code that works for an unknowheuaofrelays. Another

problem is the control and synchronization of such a chawheh applied to wireless
transmission.

In [35], achievable rate at node in a multi-level relay channel is shown to be,

R, < max min min 1(Xy,... , X, ;Y X, ..., X)) (2.12)
P(Xo,...,X1_1) 1<k<L i€l
X, is the input by nodes in level In the same study, useful results are also produced
regarding optimum routing and optimum power allocation. iAmportant recursive
power-filling procedure is used to allocate power optimayuthors concluded that
sequential transmission is optimum for the channel.

A major difference between multi-hopping as being considen the thesis and
that studied in[[35] is the half-duplex constraint on relaWéth some considerations, a
modified version of the recursive power-filling procedurentiened above is developed
in the thesis to allocate time optimally. Our study of optimgauting is more rigorous
compared to[[35].

An important scenario is considered in [53]. A useful relaship between route
reliability (reliability = 1— outage probability), distance between nodes and trans-
mission power is established. Route reliability at nétle in multi-hop relaying is
expressed as,

HR —exp< idf “) (2.13)

11’7111

wherea is the path-loss exponentd; ; and~; ; are the distance and average SNR
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Figure 2.7: Block diagram for two users cooperating to send data to a common desti-
nation in a CDMA system. This model is used[in|[54].

between any two nodésand;. R; the point-to-point reliability.
With regard to[(Z.113), three optimization problems are stigated:-

1. End-to-end reliability subject to fixed maximum transsros power per link.
2. Minimum total power to achieve a guaranteed end-to-elmhikty.
3. Maximum end-to-end reliability subject to fixed maximuwtal power.

Solutions to the above problems showed that two of them aakptablems. That
comes as a consequence of the trade-off between end-tekatdallity and total trans-
mission power. A similar trade-off for the half-duplex cim@his investigated in the
thesis, that is, a trade-off between mutual information tatal transmission time.

2.4 User-Cooperative Communications

User-cooperative communication is a form of communicaiiowhich users work to-
gether to deliver their data. Users act as relays aiding plaeiners’ transmission. Most
of the recent work on relay channels is motivated by usepewaiive communications.
In multiuser systems, user-cooperative transmissiomoédlexible and dynamic alter-
native to obtain some of the advantages of spatial divemssyecially when hardware
restrictions prevent the use of multiple antennas. Thisasenpronounced in ad hoc
networks.

Studies by Kingl[55], Carleial [56] and Willenes al. [51,57-+59] examining MA
channels with generalized feedback can be related to theecative model [17]. Ar-
guably, work by Sendonarist al. has brought user-cooperative communications to
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attention and renewed the interest in relay channels. Wwoltpthis, there has been an
extensive amount of work in regard to relay channels and-csgperative communi-

cation, e.g., [38, 39,49, 50,60-467]. Due to their mutuatiehship, the emergence of
user-cooperative communication revitalized researtiesest in relay channels. In

fact, most of the recent work in relay channels is motivatgdiser-cooperative com-
munication.

In their two-part papers [68, 69], Sendonagisal. presented an extensive set of
simulation results demonstrating the great potential apevative diversity and dis-
cussed some implementation issues. Their model was baseBMA cellular sys-
tem. Proposed cooperative model was a two-user cooperatiekel and used D&F
relaying. Discussions included optimal and sub-optimeéneers.

Work by Lanemaret al. in [60] is another significant contribution which consid-
ered a TDMA system. They developed and analyzed low-cortplager-cooperative
diversity protocols, based on A&F and D&F signaling, foraletonstrained wireless
channels. Work of Lanemaat al. is useful for studying the half-duplex relay channel.
We are more interested on the fixed D&F relay channel for whiotutual information
Is shown to be,

Tosr = %min {log(1 4+ vs.r),log(1 +vsp +7vrD)} (2.14)

Fixed A&F, on the other hand, is shown to achieve,

YVS,RVYR,D )

2.15
1 +9s,r +7YRD (2.19)

Iasr = %108; (1 + Ys,p +
Other protocols included D&F selection relaying and D&Fremoental relaying. Out-
age probability expressions are also given. This paperrig weeful as it addresses,
very clearly, issues related to application of relaying iwieeless scenario. Results
produced show the effect of half-duplex constraint on clehparformance.

Work of Lanemaret al. in [60], however, is not well connected to user-cooperative
communications. They failed to properly extend their thmede relay channel to a
two-user cooperative model. There was the least interabgbyveen cooperating users.
Issues like partner selection, fairness, resource altwtand cooperation gain, which
naturally arise, were overlooked. Some of these topics@msidered in the thesis.

Hunteret al. proposed coded cooperation in which cooperation operateadh
channel coding in the spatial domain [49]. Instead of rapgdhe received bits (as in
A&F and D&F), the cooperating node sends an incrementalnéalacy for its partner.
They also studied outage probability for the coded cooparat [50]. Although coded
cooperation has shown promising results, a lot of work isledebefore it can come
into practice. In particular, practical coding schemestrbesdevised for the system.
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Figure 2.8: Two relay channels formed by two cooperating usérandB transmit-
ting to two different destination§) o andDg; a typical scenario in ad hoc
networks.

Similar to [49/60, 68, 69], the thesis proposes a two-usepemtive model. Pro-
posed model is based on a D&F three-node relay channel. Bk & time-sharing
scenario is assumed. However, instead of a half-half fixad &llocation, cooperating
users here are allowed to assume any time allocation. Feonsfinding an appropriate
time sharing policy to make cooperation useful.

More attention in the thesis is given to partnership sedecta topic that is lightly
considered in the literature. Partner selection was censtby Hunteet al. in [42]
where both it and grouping were investigated without expigichannel state informa-
tion nor concerning user fairness. In the thesis a set of/toal results are developed
to formalize partner selection which take into consideratietwork set up, coopera-
tion effectiveness and user fairness. Partner selectidatesmined by network set up
and gain sought from cooperation. Discussions are alsoecnad with interactions
with upper layers.

2.5 Chapter Summary

This chapter introduced the essential components of tisgsth&spects that distinguish
the wireless channel are pointed out as well as channel imgddformal definitions
of channel capacity and mutual information are includettobiuction also comprised
the relay channel and user-cooperative communication.



Chapter 3

Mutual Information and Probability of
Outage for The Three-Node D&F
Relay Channel with Half-Duplex

This chapter is the first to present the results obtainedclware the cornerstone for
the remainder of the thesis. A wireless D&F three-node cahbisrstudied. In Section
[3.1, a description of the channel is given. Secfion 3.2 eragiihe mutual information
for the D&F half-duplex relay channel. A formula is obtainfed the mutual informa-
tion as a function of time allocation. Behaviour of the chdmséurther inspected and
the concept of conversion point is introduced. With regaréRayleigh fading chan-
nels, in Sectiof 3|3 cumulative and probability distribatfunctions for the channel’s
mutual information are evaluated. Consequently, that lgetpeind average mutual
information and outage probability.

Subsequent chapters are connected in one way or anothesultsrgenerated in
this Chapter. Chaptét 4 investigates optimal time allocdtothe channel. Chaptér 5
studies user-cooperative communication where users cakepey forming three-node
relay channels. In Chapter 6 results are generalized foii-moyit relay channel.

3.1 Channel Model

A relay channel consists of a single source node, a singkendésn node and at least
one relay node assisting the source on transmitting to teéndéion. A relay channel
with a single relay is the simplest of its kind. In the charstgdwn in Figuré 3115 is
the source nodeR is the relay node anD is the destination nodé& transmits onlyD
receives only, whil&k switches from one mode to the other.

R is operated on a D&F mode of operation, which resultS tnansmission rate
being restricted so th&is able to reliably decode transmitted codeword. Transomnss
fails if R is unable to decodg transmitted signal.

R is half-duplex constraint. Thereforg,andR can not transmit at the same time
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Figure 3.1: A three-node relay channel. Arrows indicate direction of transmission.

and same frequency band. We assume time-division approaafstire orthogonality
between source signal and relay signal. Available timevgldd into two time inter-
vals, 7s and7g. First,S transmits forrs units of time. TherR repeatsS transmission
usingg units of time. This sequential transmission is illustrate&igure[3.2. We re-
fer to the ordered pair = (75, 7r) as thetime allocation vectoor justtime allocation
Theoretically, a frequency- division approach producesstime results.

The channel could be encountered in a multi-user as well mgEesiser scenario.
To ensure generality, obtained results are normalizeddusler’'s available time. As a
result, we haves + 7 < 1.

Block diagram in Figuré 313 demonstrates the channel in éurtletail. The en-
coder at the transmitter side encodes the mesgaigéo a sequence of channel input
symbolsX. Z andZr resemble noise produced at the destination and the retpgce
tively. Z and Zr are zero-mean normally distributed random variables wéttiance
Ny. On the other handy, ; is a complex quantity which captures channel effects such
as path loss, shadowing and fading between nodes ;. In the thesis we consider an
AWGN channel wheré,; ; is constant as well as a Rayleigh fading channel where
is a normally distributed complex random variable. Fadmgssumed to be slow and
frequency non-selective.

@ (b)

R R
O O
D \
//’ 0
S@® S@®
TS > time | ’R 15 time

Figure 3.2: A wireless relay channel with half-duplex constraint. Transmission is car-
ried out in two stages: (a) the source node broadcasts the message to both
the relay and destination nodes using time while (b) the relay node
forwards the source’s signal using timg.

Qo
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Figure 3.3: A block diagram for the wireless channel with single relay.

Denoting the source’s transmitted symbolthe received signalg at the relay is
given by,
YR = hsRT + 2R. (3.1)

On the other hand) has two independent copies of the received signals, one $rom
and another fronkR. During direct transmission phase, the received signBl @n be
expressed as,
(1) _ h (1) 3.2
U = S,Dx+ZD7 ()

where thehs p andzg) are defined similarly. The received signabaturing the relay-
ing phase is given by,

yg) = hR7DZL'R + Z|(32) (33)

Detection atD is performed by maximume-likelihood (ML) decoding over theot
copies of received signals.

In addition to available degree of freedom, channel peréorce is parameterized
by SNR at receivers. We usg,; to denote SNR at receivgrwheni is transmitting.
vij 1S given by,

. P
Yij = k’(f)ﬁodi,j |hi,j|2 (3.4)

P, = E[X}?] is nodei's average transmission powet, ; is the distance between
andj and« is the path-loss coefficient|h; ;| is the power gain betweenhand ;.

For Rayleigh fading channel§y; ;| is exponentially distributedk is an appropriate
constant, function of frequencf, that accounts for the antenna pattern in the direction
of transmission and other hardware losses. In the thesissaenaek = 1. We also
assumeaaivepower policy where the same average power is radiated regaradf time
allocation [18]. It is thus sufficient to characterize thawchel byy; ;.

(A,R1, Ry, ...B) is used in the thesis to refer to a relay channel with nadses
a source node, nod® as a destination node and nodesR. ... as relays.Z, g is
used to denote mutual information between two nodesndB. When relaying takes
place,Zx g, r,,..s refers to mutual information betweénandB with nodesR;, R, ...
as relays. Independent variables are reserved for timesdiidm.
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(a)

X—= p(YrlX) P> Yr:Xg— p(y|xr) Y

(b)
Yr Xg

t

X—»  py,yrXXr) [ Y

Figure 3.4: Information theoretic representation of a: (a) non-cooperative rélag-c
nel and (b) cooperative relay channel.

3.2 Mutual Information for The Relay Channel

3.2.1 Preliminary

In this preliminary section we look into a full-duplex D&Flag channel. Mathemat-
ically, a three-node relay channel is modeled as a chanttleltwo random inputs¥
and Xy for the source and the relay, respectively, and two randotputsly” and Yr
for the destination and the relay, respectively; and a sptrofs p(y, yr|z, xr) for each
(z,7R, Y, yr) € X X g X Y X k.

When there is no direct link between the source and the déstin@.e. when
vsp = 0), the system is not fully connected. In that case the chaisnalnon-
cooperativarelay channel. A non-cooperative relay channel is reptesdny two con-
secutive point-to-point channels as shown in Figuré 3.44asis channel can achieve
any rate as long as it can be supported by both source-rethyetay-destination sub-
channels. Achievable rate is thus bounded by the minimurneofwwo sub-channels, or

IS,R,D = min {:Z’-S,R7IR,D} blt/SeC/HZ (35)

where, for any channel realization,

Isr = log(1 4+ ysr), (3.6)

and
Zrp = log(l +vrp)- (3.7)

Cooperative relaying, on the other hand, is possible onlizefietwork is fully
connected. In that case with the aid of the relay, the ddgimaeceives two copies
of the transmitted signal; from the source and from the relaytake advantage, the
destination must also be able to combine both received Isigha

The channel can be viewed as a combination bfaadcast(BC) channel (from



3.2. Mutual Information for The Relay Channel 46

the sender to the relays and destination) and MA channeh(the relays to the desti-
nation), as illustrated by Figure 3/5[18].

Next derivation borrows substantially from [18]. To worktenutual information
for the three-node full-duplex D&F relay channel, we firshser the BC channel
from the source to the relay and the destination shown inrE[@-a. As for a general
BC channel, the source node may generate three codebooksw@dder, wp and
w are chosen from each of the codebooks.is sent toR, wp is sent toD while w is
sent to both receivers. L€(x) = log (1 + x). The total rate at each receivét, , and
R, ,, must lie in the capacity region. The capacity region fos BC channel is,

S,D?

Rsg < Isg= C <(1 — B0 =g+ 575,R> 7

(1-=PB)aysr+1
R57D < IS,D = C ((1 - ﬁ)a’}/S,D + 575,D) :

(3.8)

wherea ands are power sharing coefficients.of the transmission power is allocated
to w. « of the remaining power, that is(1 — 3), is allocated tavp. What remains, that
is (1 —a)(1 — ), is allocated forwg. In our case, the same information is sent to both
receivers. That means all power is allocateditby setting5 = 1. Moreover, only one
codebook is needed in order to sendThat meandis g = Rsp = RC. The capacity
region becomes,

RPC < TIsp= C(9sR),

(3.9)

RPC < TIsp= C(ysp).

or

R <min{Zsr,Zsp} = min {C (vsr),C (ysp)} (3.10)

Achievable rate in[(3.10) takes into consideration the waeyrelay operates in a D&F
channel. The fact that the relay is required to fully decduedource’s signal as well
as the destination, resulted in the minimum of the mutuarmétion,Zs g andZs p.
Achievable rate in(3.10), however, did not take into ac¢tli fact that the relay node
retransmits the message and the destination cooperatiseyboth received copies of
the transmitted signal to decode the message. Derfgtede expect the achievable
rate at the receiver to be greater ti#an, shown in [(3.1D).

To find the cooperative mutual information at the destimati@ consider the MA
channel from the source and the relay to the destinationeteigl, the source would
generate a single codebook with rdtep while the relay generate another codebook
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Figure 3.5: (a) From the source’s perspective the D&F relay channel is seen &s a B
channel, while (b) from the destination’s perspective the channel is see
as a MA channel.

with rate Rg p. The capacity region for this MA channel is given by,

Rsp < C(7s,p)
Rrp < C (Yrp) (3.11)
Rsp+ Rrp < C(vsp+ RpD)-

We are interested in the total rate at the destinatidf* = Rs p+Rrp. Summing
the first two inequalities ir (3.11) we get,

RM < C (75,0) +C ("rD)

" (3.12)
R™ < C(ysp+ D),

or,
RMA < Ty =C(ysp + TRD) - (3.13)

SubstitutingZ, in (3.10) yields the mutual information for the full-dupl®&F relay
channel,
IS,R,D = min {I&R,Io} . (314)

3.2.2 Mutual Information for The Relay Channel with Half-

Duplex and Arbitrary Time Allocation

Achievable rate as stated hy (3.14) corresponds to that baarel with a full-duplex
relay node. In this section we consider a half-duplex canstrelay channel. The
relay node can only transmit or receive at one time and in #meesband, therefore
transmission take places in two stages. First, the sourde transmits to both the
relay and the destination. Meanwhile, the relay remairensil In the second stage
the source node stays idle while the relay node transmitsthén) we seek mutual
information when available time is arbitrarily allocatedthe source and the relay, in
contrast to equal time allocation when the available timalliscated equally to both
nodes.
The following lemma is a step forward.
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Lemma 3.1 (Mutual information for the three-node relay channel witjual time al-
location) Consider a three-node D&F relay channel with half-duplex d¢oaist on
the relay. Letr of the available timey < 3, be used by the source to transmit the
message and the same amount of time be used by the relayaons®it the message
after successful decoding at the relay. Mutual informatietween the source and the

destination is given by,

Isrp(7) = min{Zs g(7),Zo(7)} bit/sec/Hz, (3.15)
where,
Zsr(1) = Tlog (1 +sR), (3.16)
and
Zo(t) = 7log (1 + 750 + 7RD) - (3.17)

Proof. In an argument similar to that of the previous sectiByg(7) is the maximum
rate at which the relay can reliably decode the source mes%gg-) on the other hand
is the maximum rate at which the destination can reliablyodedhe source message,
given repeated transmission from the source and the relayDI&F relaying, both the
relay and the destination are required to decode the souessage. That condition
results in taking the minimum of the two mutual information. [

In words, lemmaé 311 tells us that even though the destinaioapable of achiev-
ing a rate up tdZy(7), it can only do that if the source-relay channel can support
that rate, i.e., only ifZs r(7) > Zy(7), Zo(7) is achievable by the channel, otherwise
Zsrp(T) can not exceedsg(7). Mutual information as stated in Lemma 3.1 is a
general form to that discussed in [60] whereas theﬁe%.

Lemma 3.2(Equivalent SNR) With regard to the mutual informatidh, transmission
timer; and received SNRy; there is an equivalent SNRg, given by,

71
Yo=[1+m]=2—1 (3.18)
which has the same effect @nf = units of time is used for transmission.

Proof. Figure[3.6 shows allocated time versus SNR for fixed mutdatination. For
any two arbitrary pair$y;, 1) and(vz, 2) onZ, we have,

I(y,m) = Z(72,72)
milog (1 +v) = mlog(l+72)

and [3.18) follows. O
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Figure 3.6: Time versus SNR for fixed mutual information. Graph plotted using
v = 2% — 1, whereZ is constant. There is an infinite number of SNR
and transmission time pai(s, ) that can achiev&. In this figure two
pairs are shown(y;, 1) and (2, 72). These two pairs are therefore ex-
changeable.

Lemmal3.2 is important in order to find mutual informationvbe¢n the source
and the destination whenr is assigned to the source whitg is assigned to the relay
such thats + 7r < 1 andrs is not necessarily equal tQ.

Applying Lemmal3.P to the relay channel with time allocation= (75, 77) we
have the following. When the relay transmits fgr of the available time and the
received SNR from the relay at the destinationyiS, there is an equivalent SNR
Jr,p that has the same effect dqg () when the relay transmits fog instead.yz p is
given by,

Frp = [1+ 7o) — 1 (3.19)

This readily leads us to the MA rate at the destination for arytrary time allo-
cationT,

Iy () = 1slog (1 +7sp + rD)
= 75 log <'ys,D +[1+ ”yRD]%) bit /sec/Hz. (3.20)

As aresult of LemmBa3l1, Lemmha 8.2 ahd (3.20) we have thevioilp theorem.

Theorem 3.1(Mutual information for the three-node relay channel withitary time
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Figure 3.7: Deterministic mutual information for the three-node relay channel with
half-duplex constraint on the relay versus relaying time, Graph pro-
duced usings +7r = 1,7sp = 5,7sr = 13, andyg p = 11.

allocation) Consider a three-node D&F relay channel with half-duplex d¢aist on
the relay. 75 of the available time is used by the source to transmit thesaggswhile
7r Of the time is used by the relay to retransmit the messageafteessful decoding
at the relay. In generats # 7R and s + 7r < 1. Mutual information between the
source and the destination is given by,

Zsrp (T7) = min{Zs g (7),Zo (T)}, bit/sec/Hz (3.21)
where,
Isr (1) = 1slog (1 + s r) , (3.22)
and
Zo (1) = s log (vs,o +[1+ vR,DF) : (3.23)

To demonstrate the relationship between all three funstiogr p (7), Zsr (T)
andZ, () are plotted in Figure 317 for some channel realization.

3.2.3 Notes orfs rp(Ts, 7r)

Following notes on the mutual information for the relay amaln stated in Theorem
[3.7, help us to understand the behavior of the D&F relay celankong with graphs
in Figure[3.8, these notes examine the general behavioreottiannel for different
scenarios. We have = (vsp, vsr. 7rp)- We have realized the following:-
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Figure 3.8: Along with notes given in Sectidn 3.2.3, these graphs explain behavior of
the relay channelZs r p is plotted againstgr with 7s + v = 1. (8)y =
(7,15,0), (b)~y = (0,11, 10), (c) v = (15,11, 10), (d) vy = (4,15, 10).

. Isrp (T7) = 0if 75 = 0. In other words, transmission can not take place without

the source node taking part, no matter how efficient the metae is. This is triv-
ial and noticeable in all graphs in Figure13.8. Asapproaches, 7s approaches

0 andZs g p (7) approaches.

. WhenTR = (), the resulted rate ES,R,D (‘T) = min {I&R (’T) ,I&D (T)} < IS,D-

Zs p is direct transmission mutual information. That is, muinédrmation when
the source node completely ignores the relay and uses dHllestime for trans-

mission.Zs p is given by,

IS,D = 10g (1 —+ ’VS,D) .

(3.24)
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Zsp (T), on the other hand, is given by,
Isp (1) = 1slog (1 +y5p) - (3.25)

The relay channel in this case is some kind of BC channel.

3. Whenygp = 0, the channel again turns into a BC channel with a rate a$ in 2
above. Figuré 3]8-a shows a scenario whep < 7sg SO thatZsgp () =
I&D (‘T)

4. Whenysp =0, Zsrp (7) = min{Zs g (7) , Zrp (7) }, Where,
Irp (T) = R1og (1 +YRpD) - (3.26)

This is A non-cooperative half-duplex D&F relay channelisTik a typical model
for a channel with no direct link between the source node aedlestination.
Data can only be transmitted to the destination throughete/rZs g p (7) = 0

whenrr = 0 (1s = 1) orwhenrgz = 1 (75 = 0). Thisisillustrated in Figure 3.8-b.

5. Whenvysp > s, We haveZsrp (7) = Zsr (7). This is because, in this case
Isr (1) < Iy (7) for all time allocations and alir p. Figure[3.8-c explains this
behavior.

6. Whenvsp < 7sr, Zsrp (T) either equalsls g (7) or Z, () subject to time
allocation. As demonstrated by Figdre]3.8-d,

(a) When more time is allocated to the relay, eventuddly p (7) = Zsr (7).
(b) When more time is allocated to the source, event@@llp (1) = Z (7).

(c) Time can be allocated such thBirp (7) = Zsr (T) = Zy (7). Thatis
whereZs g () intersects with, (7).

Although the above notes are concluded directly from Thed@@el, they can also
be deduced using an intuitive approach. We conclude frormthes above that the
presence of the relay can sometimes become harmful fomtias®n. This is the case
when~ysp > s r as the relay channel matches direct transmission chanitslizst.
Also whenvg p = 0, mutual information can not exceed that of direct transioiss
This is due to the way a D&F relaying is operated. Rate is bodmyeZs r to ensure
that the relay can always successfully decode the messageyséhe source. There
are other less obvious situations when the relay chann&rpes worse than direct
channel. In contrast, relaying is essential in some sitnatiln the absence of a direct
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Figure 3.9: Classification of the D&F relay channel based on the SNR between the
source and the destination relative to that of the source to the relay.

link between the source and the destination, that is when= 0, the message can
only be conveyed through a relay channel.

A less obvious scenario is wheR p < vysg. Examination of this case would
reveal the conditions under which the relay can be usefigfWselaying is considered
in Chaptefb. In a multi-user cooperative network, userscsel@rtners based on their
mutual usefulness as they relay each other’s signal.

One way to tackle drawbacks of D&F relaying is to employ an@gtansmission.
Adaptive sources are able to switch to direct transmissioenthe relay has a negative
impact on the performance.

3.2.4 Conversion Point

3.2.4.1 Classification of The Channel

In light of the notes in Sectidn 3.2.3 we may categorize the-D&lay channel, based
on channel realizatiorg, into,

1. Suppressecthannel, whensp > s r

2. Unsuppressedhannel, whenysp < 7sr. Unsuppressed channels are further
sub-categorized into,

(a) Activechannel, whengrp > 0

(b) Passivechannel, whengp =0

In fact, as demonstrated before, passive unsuppressedathaepresent a kind
of BC channel. Therefore, in the thesis, focus is given to segged and unsuppressed
active channels. The above classification emphasizes fhariance of the relationship
betweers p and~sr in predicting channel performance. Figlire]3.9 geometyical
demonstrates classification of the D&F relay channel anceltgionship toys p and

YS,R-
3.2.4.2 The Concept of Conversion Point

Any time allocation™ must satisfy two conditions. Firsts,7= € [0,1]. Second,
7s +7r < 1. LetC C R? be the set of all feasible time allocations. In Figure B3
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Figure 3.10: Set of all feasible time allocations.

shown as a shaded area in theg-plane. It is the area enclosed by,

v

7s

(3.27)

TR

IN IV
- o o

Ts + TR
If, however, we know that exactly a proportierof used time is to be used for trans-
mission, therC shrinks to the lines + 7 = ¢. We call itthe operation line

Definition 3.1 (Operation Line) The operation line is the lines + 7r = ¢, where
c € [0,1] is the total time allocated for transmission.

We also have the following definition of the conversion point

Definition 3.2 (Conversion Pointy). A relay channel operating on the ling+7 = ¢,
may have a conversion poin(c) = (us(c), ur(c)). p(c) is the time allocation such
thatZsrp (p(c)) = Zsr(p(c)) = Zo(p(c)).

If it exists, p(c) is the point whereZsr (7)| . _. intersects withZ, (7). _-
In Figured 3.B,-b anld 3.8-¢(c) marks time allocation whei®s g p (7) is discontinu-
ous. We adopt the convention of dropping the independeighiarfrom the conversion
pointwhenc = 1. Thereforepu, us andug refertop(1), us(1) andug(1), respectively.

Lemma 3.3(Properties of The Conversion Poinfor a given set of a channel’s real-
ization, we have the following properties of the conversiontpo

1. Only unsuppressed channels have conversion points.
2. There can be no more than one conversion point per operéte.

3. ¢= ’28 = constant, for all. ¢ is theconversion rati@and is given by,

_ log(1+7sr —750)
log (1+9rp)

(3.28)
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Figure 3.11: The operation line is the set of time allocations for a given total time.
Two examples of operation line on therg-plane are shownrs 4+ 7 =
landrs + 1R = c.

Proof. 1. We have,
TIsr (m(c)) = ps(c)log (1 4+ vsr), (3.29)

and

HR(c

7o ((e)) = () og (350 + 1+ 90l 5 ) (3:30)

From the definition, at the conversion poirfs g (p1(c)) = Zo (u(c)). That
means at the conversion point,

N>

pR(c

R
ps(c)log (14 vsr) = ps(c) log (75,0 + 14 Yrp] us(c>> '

That can be manipulated to get,

LRr(C)

Ys,R — ¥s,0 = [1 +Rp]#s@ — 1. (3.31)

HR(c)
Sincel[l + 7R,D]% > 1, then we must haves p < ~s g for (3.31) to hold. In
other words, a channel must be unsuppressed for a conve@iiaito exist.

2. To prove this property we show that everifz (7) andZ, (7) may have more
than one intersection point, only one is an acceptable tllneaion. For a given
operation lineZs g () andZ, () can be written as functions ok only. Take
operation liners + 7r = ¢. We have,

Ts = C — TR. (3.32)
when substituted in_(3.22) and (3123) gives,

IS,R(TR> = (C — TR) log (1 + 'VS,R) > (333)
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ya
A

Figure 3.12: An illustration of the proof of Properfyl 2 in Lemrha 8.3

and
R

To(7w) = (¢~ ) 10g (950 + [1+ r0) 77 ) (3.34)

Zsr(7r) is a line andZy(7r) is a strictly convex function ong (See Lemma
[4.1 for proof of convexity ofZy(7r)). Therefore there can be no more than two
intersection points betwe€ers r(7r) andZy(7r). Letr = pp andr = po,

w1 > e, be two points wher&s g (1) intersects witl, (7). We further assume
thatu; > 0. We will show that in this casg; must be a negative quantity and
thus is disqualified from being a conversion point.

Figure[3.12 further demonstrates this proof. From the defimbf the convexity
we have,

Zo (Opr + (1 = O)p2) < 0o (1) + (1 — 0)Zo (p2)
= 0ZIsg (1) + (1 = 0)Zsr (p2)
=Zsr (Op1 + (1 — O) o) (3.35)

forall 0 < # < 1. The last equality in[(3.35) follows from the linearity of
I&R(TR).

Taked, such thatyp, + (1 — 0y) e = 0, o,

= —— 12 (3.36)
M1 — H2

Substituted, separately in LHS and RHS df(3135),

Zo (Oopa + (1 — Oo)p2) = Lo (0)

R
= lim (¢ — 7r) log (75,D + [1 4+ V=D C*TR)

TR—0

= clog (1 +sp), (3.37)
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and

Isr (Boper + (1 = Oo)p2) = Zsr (0)
= clog (1 + ysR) - (3.38)

According to propertj/[17s r(7r) andZy(7r) intersect only if,

Ys,.0 < Ys.R- (3.39)
From (3.39),[(3.37) and (3.B8) we see thasatisfies[(3.35), which implies that
6y can only be such that < 6, < 1, or using [(3.3b),

K2
M1 — H2

0<—

<1 (3.40)

Inequality [3.40) can only be true jf; < 0 and thus is not an acceptable time
allocation.

3. From the definition, at the conversion point we have,

Isp(p) = To(p),
R (c)

ps(c)log (1 +9sr) = ps(c)log (’VS,D + [1 +Yrp) u5(0)> ’

1R (c)
I1+9r = 7sp+[1+wrp|*s©@,
kRr(c)

l+vr—7%p = [1+rp|"@,

log (1+7sr —7sp) = ’;2—8 log (1 +rp)

= <log (1 +rp)

and[3.28 follows. As it is independent of then for a given set of channels
realizations; is constant for all operation lines.
O

According to Propertyl1 in the above lemma we may redefinersggpd and un-
suppressed channel based on the existence of a converanbn4suppressed channel
is the channel that has no conversion poili¢hereasan unsuppressed channel is the
channel with conversion point

From property 2 and properity 3, we have,

0 <¢ < oo (3.41)

On the other hand, Lemma 8.3 also implies that, for a givenmbis realizations,
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Figure 3.13: As a consequence of Lemimal3;8,c) must lie on the lineg = ¢7s.

all conversion points lie on the linex = ¢7s; this is demonstrated in Figufe 3]13.
Hence for a relay channel operating on the liget+ 7= = ¢ we may findu(c) by
solvingmr = <75 andrs + 7r = c. That gives,

ps(c) = Cl—}rg = C s,

pr(c) = ey = ¢ pr.

(3.42)

Finally, mutual information for the unsuppressed relayncted can be written as,

IO (T) ) 0 S :__R < S,
Zsrp (T)| = s (3.43)

Ys,0<7s,R
Isr (1), << :—E < 00.

3.3 Performance in Rayleigh Fading Channels

In fading channels, channel conditions change randomly tove. Therefore, mutual
information is a random variable with distribution funetioelated to that of channel
state. In this section we derive cdf and pdf for the D&F relagimel with half-duplex
as a function of time allocation. Later, we define two qu&gitaverage mutual in-
formation and outage probability, used to analyze relayinbbperformance in fading
environments.

3.3.1 Distribution and Density Functions forZs g p

In Rayleigh fading channels, channel coefficients are coxm@leussian random vari-
ables. Consequently, magnitude and angle of channels’ cieeffs are Rayleigh dis-
tributed (hence the name) and uniformly distributed, respely. As a result, channel
power coefficient for a Rayleigh channel is exponentiallytribated. For a random
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variableX ~ Exponential(\y), cdf and pdf are given by,

1—e ™  if x>0,
Fx (z) = (3.44)
0, if v <0.
and
by (2) = Fy (1)
x\T)= dz x X
Axe 2T if £ >0,
= (3.45)
0, if x <0.

respectively; wherd[X] = -

Zsrp Is function of, exponentially distributed random variables p, vs g and
~rp- TO find distribution functions foZs g p for a given time allocation, we consider
ZIsrp (T) as stated by Theorem 8.%s g andZ, are also random variables. The fol-
lowing Lemma relates the distribution 6§ g andZ, to that ofZs g p.

Lemma 3.4 (cdf of the minimum of two independent RVsiven two independent
RVsX andY, cdf and pdf ofZ = min (X, Y") are given by,

Frz(z)=1—-[1=Fx(2)][1 = Fy(2)] (3.46)

and
f,(2) =1y (2)[1 — Fx(2)] + fx (2) [1 — Fy(2)] (3.47)

respectively.

Proof.

Fz(z)=Pr{Z <z}
=Pr{X <zUY <z}
:1—Pr{X§zUY§z}
:1—Pr{X§zﬂY§z}
=1-Pr{X >zNnY >z}
=1—-Pr{X >z} xPr{Y > z}
[ -Pr{X S [1-Pr{V 53]
=1-[1=-Pr{X <z}|[1 —Pr{Y <:z}]
=1-[1-Fx(2)][1 - Fy(2)].

where{e} denotes the complement of the evenbDifferentiating (3.46) gives, as in
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(3.47). See alsa [70] and [71].
Applying Lemmal((3.46) td (3.21) we get,

FIS,R,D (Ta T) =1- |:1 - ‘FZS,R(T7T)} |:1 - on (Tv T)]v
and
fZS,R,D (T’ ’l“) - on (T> T) [1 - ‘FIS,R (T’ 7“)] + fZS,R(T7 7’) [1 - ‘FIO (7-7 T)}

Next we findeS’R, Fz,, fo andeS’R.

3.3.1.1 Distribution and Density Functions fbyr
ConsiderZs r as in [3.2R) s g has cdf,

1—¢ TSR ife>0,
f’YS,R(I): .
0, if z <0.

wherel's g = E[ysr]. The following Lemma is useful for evaluating .

Lemma 3.5(cdf forY = blog (a + X)). If X andY” are two RVs related by,

Y =blog(a+ X),

cdf of Y is given by,

Proof.
Fy(y) =Pr{Y <y}
=Pr{blog(a+ X) <y}
=Pr {X < 2 — a}

:.7:)((2%—@).

(3.48)

(3.49)

(3.50)

(3.51)

(3.52)

(3.53)

Application of Lemma 35 with = s, Y = Zsg, a = 1 andb = 7; gives,

]:ZS,R (T,:C) = ‘F'YS,R (2% - 1)
a7sa

1—e "srifz>0,

0, if x <O0.

(3.54)

60
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and by means of differentiation,

In2 27 L
1 S I 1

e TSR ifz>0
fr.. (T,2) = ¢ ™ Tsr ’ =

0, if x <0.

[\

(3.55)

Lemmd& 3.5 is also useful in evaluating distribution funetidor 7=, .

3.3.1.2 Distribution and Density Functions foy
1, distribution and density functions are more complicateghtthose ofZs z. We

61

divide the task of evaluatingz, into smaller sub-tasks. We first find distribution and

density functions for the random varialie= (1 + 'VR,D)%- Distribution and density
functions are then evaluated for the random variébte vs p + (1 + ’yRD);S. Finally,
Lemmd3.b is applied to findz, andfz,.

We start by considering the random variaBle= (1 + yRD)%. The following
lemma illustrates the way to findx=.

Lemma 3.6(pdf of Y = (a + X)"). If Y is a RV given by,
Y =(a+X),

where, X is an exponentially distributed RV, amcandb are constants}” is a Weibull
distributed random variable with cdf,

Fy(y) = | (3.56)
0, if y < a,
and pdf,
l71 y%—a
yb E 1 b
fiyr(y) = bE[X] € roify > a (3.57)
0 if y < a’.

Proof. Fx is given in [3.44). With regard t&,

Fy(y) = PriY <y}
:Pr{(a—l—X)b§ }

1 (3.58)
)
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differentiating,

d
f = —F
v () i v ()
1_4 ylfa . 359
_ %[X]e_ﬁ, if y > a®, (3.59)
0, if y < a’.
O
Applying Lemmd 3.6 with” = =, X = g p, @ = 1 andb = 7 we have,
%
F= (7.7:5) =1—¢ TrRD ’ (360)
and -
1 sy —2R-1
f=(1,2) = = BTl e : (3.61)
R,D TR
supported ovefl, co).
Next consider a random variable2 Ys.0 + ZR,D-
Lemma 3.7(cdfof Z = X +Y). If Zis a RV given by,
Z=X+Y, (3.62)
wher X andY are two independent RVs, cdf&fis given by,
0 z—y
P = [ [ el tdady (3.69

Proof. Proof is available in several texts on probability theorge $Sor example [70]
and [72]. [

Application of Lemma_3]7 unveil&,

Ts

}"Q(T,Z)Zl—exp<—z_1)— ! /Oz_lexp<—(z_y)TR_1_ ’ )dy.

I'sp I'sp I'rp I'sp
(3.64)

andf,

7s
1 75 [ TS (z—y)® —1 Yy
f. = —— —y)" — — dy (3.65
o(T,2) Tsolro 7 /) (2 —y)= " exp < Tro o (3.65)

Distribution functions foK are supported oveb, o). AppendiX'C explains how
Lemmd 3.7 is applied to obtaiR, andf,.

62
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Figure 3.14: cdf for mutual information of a relay channel with= (3, 35,30). We
havers 4+ 7r = 1. Each curve represents a different time allocation.

Eventually, we notice thaf, = 7logQ. We may thus apply Lemnia_3.5 with
X =Q,Y =7, a=0andb = 7, to obtainFz, andfz,,

Fr, (1,2) = Fq (2%>

27 — 1
=1—exp|— Tes

Ts

1 275 —1 <2T—S_y>$_1 Y
- exp| — — dy. 3.66
I'sp Jo p( I'rp Fsp) Y ( )
and
1 TS 271 Z S 1 (27_5 B y) " Y
fr(r,z)= ———= 27 —y)®R exp| — — d
(7 2) Ispl'rp TR /0 ( v) p< I'rp Fs,D> Y

respectively, for: > 0.
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1.4 T T T T T T T
TR — 0.1

fIs,R,D

Figure 3.15: pdf for mutual information of a relay channel with= (3, 35,30). We
havers 4+ 7r = 1. Each curve represents a different time allocation.

Finally, we substitute (3.66) and (3167) in (3.48) and (Biéyet,

Franolr.r) = 1 =0 (~(el5 + 1) 27 - )

Ts

r r =
1 27—l 271 <2Ts—y> -1
——e FSvR/ exp(— — )dy,
0

I'sp I'rp I'sp
(3.68)
and
21 In2 2% 2% — 1
f = I'sr _
Toro(T:7) = € [Ts I'sr eXP( I'sp )
an 27_% /2;5—1 ( (2:5 — y) R ]_ y )d
+ = exp| — -
7s I'spl'sr Jo I'rp I'sp Y
r r Z—;
LT e . S ( <275 B y) oy )
e 27 —y)™® “exp| — — dy|.
I'spl'rp 7= Jo ( ) I'rp I'sp
(3.69)

Unfortunately, there is no closed-form fdr (3.68) ahd (3.A8d thus it can only be

dealt with numerically. Figures 3.14 ahd 3.15 show plot§af, , andfz , , respec-

64
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Figure 3.16: Comparing results generated by two different methods Zok p.
Zs rp(7) generated by averaging over many channel realizations (green
curve with circle marker) is almost identical to that generated using
(3. 70) (blue curve with no marker). The expected value for the chan-
nels wasb, 25, 22 for ys p, vs r andyr p, respectively. Averaging is
carried out oveil 000 channel realizations.

tively, for a given relay channel. For comparison, graplesraade for different time
allocations. By looking at these graphs we may infer some efptitoperties of this
relay channel. For instance in Figdre 3.15, the positiontagight of the peak of each
graph gives an indication of the average rate achievabletandriation for the corre-
sponding time allocation. Comparing = 0.5 and7r = 0.8, the latter indicates that a
range of0 — 1.5 bit/sec/Hz is likely to occur with average arouhd bit/sec/Hz, while
in the former the average mutual information is abdQtbit/sec/Hz but dispersed over

a larger range. Ideally, we seek a time allocation that haghageak and is far enough
from zero.

3.3.2 Average Mutual Information

Probability distribution function fofs g p (7) is useful in finding the average mutual
information for the relay channei',s,R,D (1). To getstD (1), the probabilistic aver-
age for the random variablg g p (7) is carried out,

Torp (1) 2 / © gy (7 2)de (3.70)
0
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Figure 3.17: Average mutual information for different relay channels.

Zsrp () matches the ergodic (Shannon) capacity of the single faciagnel. To
verify (3.70), average mutual information results are gatesl first using the above
formula and then by means of averaging the mutual informatieer many channel
realizations for the same. Figure[3.16 shows that both graphs are almost identical,
which proves thafs g p, as well asF ., andfz, ., are correct.

In practice, to achievés g p () in (3:70), channel conditions must be accurately
known to all transmitters and all receivers. Transmitteses that knowledge to generate
new codebooks each timgchanges. In an opportunistic fashion, data is sent in high
rate when channel conditions are good and in lower rates whannel conditions
deteriorate. In a fading environment, this kind of adaptiramsmission is crucial for
performance. Performance of non-adaptive systems couldrbess than adaptive
ones[[2, 10]. It is even more beneficial when transmittersabte to optimally allocate
resources to achieve the maximum possible performanceuwrdf® 17 shows average
mutual information graphs for different relay channels fia@ing environment. These
examples show that time allocation is important for the grenance of the channel. A
judicious choice ofr can greatly boost the average mutual information. In Chébter
we study optimal time allocation for the relay channel areldfiect on performance.

According to Jensen’s inequaliy[f(X)] < f(E[X]) for any random variable
X. Zsgrp is no exception. We hav€[Zsgp (v)] < Zsrp(E[v]). In other words,
average mutual information for the relay channel is alwags than or equal to that of
the AWGN relay channel with the same average SNR and same liocatéon. This
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Figure 3.18: Mutual information for the fading relay channel is always less than or
equal to that of an AWGN channel with the same average SNR.

is illustrated in Figuré3.18.

Flowchart in Figuré 3.19 demonstrates how simulation tegat the average mu-
tual information are generated by means of averaging ovayi@e realizations. This
is typically the procedure used to generate the resultsitpres 3.16] 3.17 arid 3.18.
The average SNR for the channels, initially in dBs, must fisstbnverted to linear
units. Random channel realizations are generated basedsa values and accord-
ing to an Exponential distributionZs g p is calculated based on channel realizations.
The process of generating random channels and calculBiing is repeatedn times,
m > 1, and results are added up. Finally, average is calculatetiviying the accu-
mulatedZs g p by m.

3.3.3 Outage Probability

Network entities are not able to practise adaptive trarsomsif there is a lack of
accurate channel information or due to hardware restristeuch as complexity con-
straints. In that case transmitters will adopt a single bod& and hence a fixed data
rate. Whenever mutual information falls below that rate, sixstem declares outage
and probability of error approaches|1 [2]. Formally, we debatage probability P,
asthe probability that mutual information between the sournd the destination falls
below a minimum required ratB, where generally? is determined by the application.
Mathematically,

P(R) = Pr{Z < R}. (3.71)
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Figure 3.19: Flowchart demonstrating generation B g p by means of averaging
over many channel realizations.

E[N](dB)
10

wherePr{e¢} denotes the probability for the eventAs a function of time allocation,
outage probability for the relay channel is,

P(T, R) = Pr {IS,R,D (T) < R}
=Pr {IS,R,D (T) S R} —Pr {IS,R,D (T) = R}
= fIS,R,D (Tv R) (3.72)

The last equality follows aBr{X = 2} — 0 for every continuous R\X [70]. As we
showed previously, in Figute 320, outage probability kssgenerated using (3.72) are
compared with those generated by means of averaging over channel realizations.
The matching of the two graphs supports the analytical teéoll P as well asFz , .
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curve with circle marker representy: generated by averaging over
many channel realizations while the blue curve is alsd@gg, however,
produced using (3.72). Both curves are identical. The expected value
for the channels was, 30, 20 for vs p, 7sr andyrp. Average SNR
Averaging is carried out ovei00000 channel realizations.
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Figure 3.21: Outage probability for different relay channels.
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Figure 3.22: Flowchart demonstrating generation®fby calculating the proportion
of the time the outage event occurred.

Flowchart in Figuré 3.22 demonstrates the way to generaggeyrobability results by
means of averaging the number outage events over many ractilbmel realizations.

Figure[3.21 shows outage probability graphs for differedkirig relay channels.
Again we see that time allocation is important for the perfance of the channel.
Outage probability can be kept within an acceptable randeylwisely choosing-.

P is more useful for fixed rate transmission scenarios sucloige applications.
In other situations, the system is constrained by the maxirallowed outage proba-
bility. Instead of a minimum required transmission ratapgmitters can transmit with
a maximum rate without outage probability exceeding a pgerdened value. In that
case outage capacity is more useful in analyzing channfrpesince. Given a maxi-
mum allowed outage probability Outage capacityC(e), is the maximum rate at which
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information can be transmitted over the channel such that ¢,

C(e) £ maxarg P(R), s.t.P(R)<e. (3.73)

p(z)

3.4 Chapter Summary

In this chapter mutual information for a simple three-noelay channel is derived for
arbitrary time allocation and an AWGN channel. Then probgbdistribution func-
tions for the mutual information are found for the case of Rayl fading. This leads
to the channel average mutual information and outage piitlyab a fading environ-
ment. The results obtained are useful for the rest of thashésthe next chapter we
see how to optimize channel performance. In Chdgter 4, a catiygee model is pro-
posed based on the three-node relay channel studied hengte@faxtends results to
multi-hop relay channels.



Chapter 4

Time Allocation for the D&F Relay
Channel

In this chapter we look into optimal operation of the threele D&F relay channel.
Two problems are considered: maximizing mutual inforrmagod minimizing trans-
mission time. Solutions to these problems not only help foneest performance, but
also give insight into the channel in order to make furthéeegions and applications.
In Section 4.1l we introduce adaptive relaying and look intav fadaptability affects
mutual information formula expressed in the previous obiapBection 4J2 considers
mutual maximization problem, whereas, total time minirticza problem is investi-
gated in Section 413. Sectibn 4.4 establishes an importeatityl between optimization
problems. Finally Sectidn 4.6 summarizes this chapter.

Results obtained in this chapter are useful for the cooperatodel proposed in
Chapter 5. In particular they help to set useful conditionspartner selection. In
multi-hop relaying, studied in Chapter 6, optimum route ciide is a generalization
for optimization problems considered here.

4.1 Introduction: Adaptive Relaying

In adaptive systems, transmitters change signaling giratecording to channel con-
ditions. It is now well known that employing channel adaptaignaling in wireless
communication systems can yield large improvements in sii@oy performance met-
ric [/3]. Adaptive communication requires knowledge of dteannel. Channel state
information is necessary at receiver as well as transmi@ieannel state information at
receiver (CSIR) is obtainable by sending a training sequencetp message transmis-
sion. CSIT is, nevertheless, challenging. Many kinds of dedadaptive techniques
have been deemed impractical in the past because of theepraidl obtaining chan-
nel knowledge at the transmitte3tatistical channel informatio(SCIT) at transmitter
can be used instead. Generally, however, SCIT adaptatioesarnth a performance
loss that is not negligible compared with adaptation tegphes that use instantaneous
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channel information [73].

Recently, innovations in the field made instantaneous charfoemation at trans-
mitter possible. In two-way systems employing TDD, this ¢hiaved by having the
transmitter measuring the channel while receiving fromittae a receiver later. That
requires the channel to be changing slowly so that obtamfednation about the chan-
nel will not be out of date before or during the transmissieriqu. This technique also
assumes that the channel is reciprocal, that is, the upaintkthe down-link channels
are the same.

FDD systems, forward and reverse are generally highly uetaied due to sep-
aration in frequency. In this case CSIT can only be obtainednkbgans of limited
feedback([10]. A low rate data stream on the reverse sideedirik is used to provide
information to the transmitter of the forward side of thekI[@3].

In this chapter we assume that transmitters are able toaddcavailable time to
achieve optimum performance. We also assume that CSIT imbiato all transmit-
ters. Finally, we allow the channel to combat the broadcalsabior of D&F signaling.
As stated in the next proposition, the source node can ighereresence of the relay
whentr = 0, and thus acquire maximum performance through direct tngsson.

Proposition 4.1 (Mutual information for the relay channel with arbitraryne alloca-
tion and adaptive transmissiornonsider a three-node D&F relay channel with half-
duplex constraint on the relay. Let of the available time7s < 1, be used by the
source to send the message whileof time is used by the relay for retransmitting the
message after successful decoding at the relay. Mutuai&ton between the source
and the destination is given by,

IS,D<T>, ifTRZO, .
Isrp (T) = bit/sec/Hz. (4.1)
min{Zsg (7),Zo (1)}, fO0<m®<L
4.2 Maximizing Mutual Information

The first optimization problem we consider is mutual infotima maximization prob-
lem. We seek the best time allocation policy so that mutuakmation is maximum.
Mathematically, we are looking for a solution to the follagiproblem,

max IS,R,D (7’)
P s.t. 75,7R >0, (4.2)

c<1.

Any time allocationr which satisfies problem constraints i$easiblepoint. The
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feasible setC, is the set of all feasible time allocatior(S.is given by,
C={r:15>0,7r > 0,75+ 7 < 1}. (4.3)
I3Rp denotes the optimal value,

Ig?l?{),(D = Sup IS,R,D (T) . (44)

T7e€C

As Zsrp (7) is an increasing function af, the second constraint is active, i.e.,
satisfied with equality. That reduces the feasibility set to

C={r:75>0,7r > 0,75 + 7R = 1}. (4.5)
In this case, we have,
TSZI—TR. (46)

Zsrp (T) can be written as function ok only by substituting{416) if{411),

IS D, |f TR = 0, .
Zsrp(TR) = 7 bit/sec/Hz, 4.7)
miH{IS,R<TR),Io<TR)}, if 0 < TR < 1,

where Zs r(7r), Zo(7r) @ndZs p are given by,

IS,R(TR) = (1 — TR) log (1 + 'YS,R) ,
To(rw) = (1 — 1) log (95,0 + [1 + 9077 ) | (4.8)

Isp =log (1 4+ vsp) -

We can thus reduce the optimization problém]|(4.2) to,

P OrgnTg)Scl Zsrp (TR) s (4.9)

7r in (A1) measures the degree of cooperatign= 0 andr = 1 are the special
cases of no-cooperation (or direct transmission) and ddperation, respectively. Note
that full cooperation achievesbit/sec/Hz.7x = % Is another special case when time
is equally allocated for the source and the relay. Convealiprthe half-duplex relay
channel is assumed to follow equal time allocation policy.

To solve [4.9) we take advantage of the convexitf©g(7r) andZ(7z) which is
stated in the following lemma.

Lemma 4.1 (Convexity ofZs g(7r) andZy(r)). Zs r(7r) andZy(7z) are convex over
mr for all 7r € (0, 1). MoreoverZ, (7r) is strictly convex.
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Figure 4.1: Mutual information for the suppressed relay channetysrs = 1 — 7R.
Direct transmission is always optimum for the suppressed relay channel.
Graph generated using p = 15, s g = 10 andyrp = 11

Proof. AsZsr (7r) is a line, so it is convex.

Convexity of Zy(7g) is proved by finding the second derivative. Differentiating
Zo(7r) twice with respect tog we get,
d? d?

& ) = g (- s (350 + 1 7m0 )

_4d (1+0) ™ log (1 + 7rp) log(’VsD+[1+7RD]1TF5R>

L <1—TR>(%D+[1+WRDHR

Ys.0 (1 4+ R, D)1 = (log (1 + 7, b))

=1n2 5
R
(1 —7r)? (’Ys,D +[1+rp] ' TR)
> 0, Vs € (0,1).
The above differentiation is found in more details in Appieril ]

Suppressed and unsuppressed channels are considereatedgpa8olutions for
both cases can then be combined to deduce a general soluti$9}.
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4.2.1 MaximizingZs g p (7r) When Channel is Suppressed

According to Section 3.213, the relay channel is classifeeduppressed wheg p <
vsr- A suppressed channel has got no conversion point. Rew(#ifig,

IS,D; If TR — O,
Zsro(TR) |rsp21sk = _ (4.10)
IS,R(TR)u if0 <7<l

As demonstrated in the graph of Figurel4Zsgr(7s) is a line with slope
—log (14 ~vsr) < 0. Therefore, it is maximized by minimizing. This is,

SR = Tlggozsﬁ (Tr) = log (1 4+ sR) - (4.11)
But for a suppressed channel, sing® > s r, we haveZs p = log (1 + s p) > Z&R"

Therefore, in this case direct transmission achieves themuen mutual information
between the source and the destination, or

SRD = Is r- (4.12)

75,0<7s,R

4.2.2 MaximizingZs g p (7r) When Channel is Unsuppressed

This is the case whems p < s r. There is a conversion point given by,

S log (1 +7sr —¥s.p) (4.13)

HR = 1+¢ log (1 +Ysr — ’YS,D) + log (1 + 'YR,D)

obtained usind (3.42) with= 1 ands as in [3.28). As shown in Figute 42 g p(7r)
is discontinuous atgr. Zs g p(7r) can be written in the form,

Zo(r), 10 < 7R < g,
Isro(mr) = . (4.14)
Tsr(mr), If ur <7 <1

Due to convexity,Zs r(7r) andZy(7z) are maximum at an end point. Then ,
Zs rp(mr) Must be maximum atg = 0, 7R = pg OF 7R = 1. Obviously,7x = 1 is
excluded. As forrgr = 0 and7r = g, Zo(ur) > Zo(0) only if,

Isr(pr) > ZIsp,
(1 —pgr)log (1 +sr) > log (1 +sp)
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Figure 4.2: Mutual information for the unsuppressed relay channekyss = 1—7g.
Two cases are shown, (a) Direct transmission is optimum, graph generated
usingysp = 4, 7s,r = 15 andyrp = 10; and (b)ur is optimum, graph
generated usings p = 1, s g = 15 andyr p = 10.

or when,

Yo < (L+7sg) "™ —1
=(1+ysr)"™ —1 (4.15)

Inequality [4.15) is the condition that verifies optimalifydirect transmission for
the unsuppressed channel. In words, direct transmissagptiimal for the unsuppressed
relay channel if[(4.15) is not satisfied, otherwiggs p(1r) is the optimal mutual in-
formation.

To sum up, for the unsuppressed relay channel the maximumainformation
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(1 —|—’75’R)MS -1 YsR

|

-

—_

> /S,D
Unsuppressed Channel ' Suppressed Channel
TN=p | " = (1,0)
Figure 4.3: Relationship between channels indicates the optimum time allocation for
the D&F relay channel. Relaying with time allocatediasaximizes mu-
tual information as long assp < (1 + s r)"®, otherwise direct trans-
mission is optimum.

A A

is given by,

max IS,R (l’l’) if s,b < (1 + VS,R)#S —1
S,R,D |7s,p<Ys,R — . s . (4-16)
Isp if ysp > (1+7sr)"™ —1

achievable with time allocation

if < (1+ Hs _q
— K 7s,D ( VS,R) (417)

(1,0) ifyp>(1+sr)" —1 .

4.2.3 MaximumZsgp ()

To combine results from Sectign 4.2.2 and Secfion #.2.1pitlwnoting thatys g <
(vsr)" — 1, which is also illustrated in Figufe 4.3. The solution to thaximization
problem is stated in the following theorem.

Theorem 4.1(Maximizing Mutual Information) For the three-node D&F relay chan-
nel, if ¢ exists and if channels conditions satisfy,

Y50 < (1 +7sgr)"™ — 1. (4.18)
relaying can achieve maximum mutual information of
I5Rp = Isr (1), (4.19)
otherwise direct transmission is optimum.

4.3 Minimizing Transmission Time

In the previous section we sought the optimal time allocasio that mutual informa-
tion between the source and the destination is maximum.isrstction time is to be
allocated to achieve a predetermined rate while minimi#irgtotal transmission time.
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Typically, this can be useful for cognitive networks. Sedary users cooperate to effi-
ciently utilize spectrum not used by primary users. Thaivedl more secondary users
to benefit from thesspectrum holesPrimary users may also cooperate with secondary
users to create more spectrum holes.

We seek the best time allocation so that total transmissiee, t (7), is minimum
while mutual information achieved is at least equal to ptedheined rateR. Mathe-
matically, that is,

( min c(T) =15+ R

T

5. 1. >
s.t IS,R,D (’7‘) = R (420)

75, TR Z 07

c <1.

\

The feasible seC contains all time allocations which satisfy problem con-
straints.C is given by,

C:{TZ.'ZS,R,D(T)ZR,Tszo,’TRZO,Ts—{-TRSl} (421)
The problem is feasible only i€ # (. We must then havé? < Z&%%, since
Isrp (1) < ISRG-

c" denotes the optimal total transmission time,

M= inf ¢(1). (4.22)

T7€C

As we did for the maximization problem, the suppressed arsdippressed channels
are considered separately. Later, obtained solutionsujgpressed and unsuppressed
relay channels are combined to deduce a general solution.

4.3.1 Minimizing ¢ when The Channel is Suppressed

Here we haveysp > 7sg. There is no conversion point and mutual information is
discontinuous atg = 0. Zs g p (7) takes the form,

IS,D<T), If TRIO,
Zs ko (T) |rspzrsn = _ (4.23)
Isz(T), IfO<7‘R<1.

The feasible set can, therefore, be written as a union of gt&x €, andC,. C; is
given by,
Ci={rm:Zsp(t) > R0< 15 <1,7r =0} (4.24)
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7s

Rﬂ I\ R

log(1+7s,0) log(1+7s k)

Figure 4.4: In the case of suppressed relay channel, feasible time alloca€ideghe
union of C; andCs. In thesmr-plane,C; is the shaded area, whité,
is the the dark line fromﬁ, 0)to(1,0). For the suppressed relay
O, D

R

0) minimizes total time.

which reduces to,

R
C, = ; <15<1,7r =0 4.25
A ey <) )
since,
Isp (1) = 1slog (1 + 7sp) - (4.26)
On the other hand?; is given by,
Co={7:Zsr(T) > R,7s > 0,77 > 0,75 + 7r < 1} (4.27)
which, in a similar way, reduces to,
C, = T'L<T<1T >0,7s+mw<1 (4.28)
because,
Isg (1) = 75 log (1 + vsRr) - (4.29)

Both C; andC, are shown geometrically in Figure #.4. From Figuré 4.4 we can
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Figure 4.5: Mutual information vsrg for the suppressed relay channel. For the same
channelsy = (10, 15,11), three cases are shown:= 1 (blue),c = 0.8
(red) andc = 0.5 (green). The minimum transmission time (in this case

¢ = 0.5) is achieved by time allocation = (¢, 0), wherec = lg(l%%).
e} D
also work out the solution fof (4.20) for the suppressed nkhas,
mm“/s,DZ“/s,R - I-,Pel(rjl ¢ <T)

= min [min Ts + TR , min 75 + TR:| (4.30)
T7€C1 T7€C2

= min [ e ) i 1 (4.31)
log (14 vsp) ~ log (14 ysRr)
i (4.32)

~log(1+7sp)’

achievable by time allocation,

R
= (log (1+9sp)’ 0)‘ (4.33)
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7s

R
log| 27 _'YS,D)

TR = T
R > IOg(1+'YR,D>

Figure 4.6: In the case of unsuppressed relay channels, feasible time allocaflons,
is the union ofC; andC, shown in therstr-plane. 7* andr** are the
candidate time allocations to minimize

4.3.2 Minimizing ¢ when Channel is Unsuppressed
Here we haveysp < ysg. For any operation lines + 7r = c there is a conversion

point atu(c),
_ .1 10g(1+’YR,D)
MS(C) o Cl_ﬂ o Clog(1+VS,R—VS,D)+10g(1+7R,D)’ 4.34
e IOg<1+’YS,R_’YS,D> ( ' )
MR(C) T e T Clog(1+’Ys,R—’Ys,D)+10g(1+’7R,D)'

Zsrp (T) takes the form,

7 , fO<® <,
_ %) R (4.35)

Isr (1), if¢ < <oo.

7s

Z’-S,R,D (T) ’75,0<75,R

which illustrates the discontinuity of mutual informatiabr = pu.
The feasible se€ can be written as a union of two setS; andC,. Using [4.35)

we have,
Ci={t:Ly(t) >R, 7R 2 0,7r <¢T5,75s + TR < 1}. (4.36)

Note thatZ, (7) > R means,
7s log <’YS,D + 1+ VR,D]%> > R, (4.37)

which yields,
log <2% - 75,D>

4.38
log (1 + 'YR,D) ( )

TR = Ts
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and that reduce€; to,

R
log (2 S —ys.p

Ci=<T:7]R>Ts o (1rm0) ,TR<6Ts, TR > 0,7 + TR < 1. (4.39)
On the other hand, we have,
Co={7:Zsr(T) > R, 7R > 75,75 > 0,75 + T < 1}. (4.40)
Notice thatZs g (7) > R if,
Ts log (1 + 'YS,R) > R, (441)
which yields,
R
P — 4.42
™ = log (1+7sr) (4.42)
and that reduce€; to,
CQ:{TZTszm,TRngS,TS‘FTRS].}. (443)

C, andC, are shown in Figure_4.6. Figufe 4.6 also shows two candidaie t
allocations to minimize. The first time allocation* is,

* R

s = 10g(1+’ys,D)’ (4.44)
" =0.
. ) log<2%—’y57o) ..
obtained by solvingg = 7s———% andrr = 0. 7* corresponds to a minima]
log(1+7r,0)
crlmn =175 + T
R
= — (4.45)
log (1 +vsp)
The other time allocatiom** is such that,
sk _ R
TS N 10g<1+’YS,R)7 (4 46)
sk _ R ’
TR

N §10g(1+'75,R) '



4.3. Minimizing Transmission Time 84

2_ .
N
I
IS)
)
7
= i 7T=R
2
[a)]
< 1r l 4
W \
O Il
0 0.5 1

TR

Figure 4.7: Mutual information vsrg for the suppressed relay channel. For the same
channelsy = (20,2, 15), three cases are showa:= 1 (blue),c = 0.8
(red) and:c = 0.34 (green). The minimum transmission times= 0.34, is
achieved for this particular case by time allocatjof®.34).

obtained by solvingg = ¢7s andrs = —2—. 7** corresponds to a minima)
log(1+7s R )
N =TT
R(1
(1+5) (4.47)

"~ log (1 +sg)

min min
o < e i,

R(1+%) - R

4.48
log (1+vsr) log(l+vsp) ( )
or
Ysp < (L +7ysr)T+ —1
— (1 +7sR)" — 1 (4.49)

This condition verifies the optimality of direct transma@sifor an unsuppressed chan-
nel. It is the same as that of the maximization problem. Weckm®e that for an
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unsuppressed channel, minimum transmission time is giyen b

R(1+<) i s
. — = f Ys.0 < (1 + 'YS,R) —1
cmin| _ ) log(1+sR) (4.50)

78,D<YS,R R . s )
- v > _
o (175.7) if 50 > (1 +7sr)"s — 1 ors undefined

using optimal time allocation,

—Lf___ 0 if < (1+ os 1
J— <1og(1+75,r<) ) Y50 < (1 +7sR) (4.51)

R R H > Hs 7
<10g<1+’YS7R) ’ glog(l-l—’YS,R)) i 7s,D = (1 + ’YS’R) L ors undefined

4.3.3 Minimum c

The following theorem concludes the minimization problem.

Theorem 4.2(Minimizing Total Transmission Time)For the three-node D&F relay
channel, if the rate to be achieve®, is less than the maximum achievable mutual
information,Zg'7; < exists and the channel’s conditions satisfy,

Y50 < (1+vsR)"™ — 1. (4.52)

then relaying can achievB using minimum transmission time,

R(1+%)

min _ ___ 2~ >/ 453
log (1 +sR) (4.53)
using time allocation** given by,
*k R
TS - 10g(1+'YS7R> ! (4 54)
TEE = R )
R log(1+7s R )

If R < Z&R%: buts does not exist or conditiof.52)is not satisfied, then relaying
can achieveR using minimum transmission time,
R

goin — 4.55
log (1 +vsp) ( )

using time allocationr* given by,

* _ R
Ts

~ log(147sp)’ (4.56)

* —
7w =0.



4.4. Duality Between Optimization Problems 86

If, however,k > 7%, total transmission time can not be minimized.

4.4 Duality Between Optimization Problems

Optimization problems studied in the previous sectiongtsnown similarities in dif-
ferent aspects. In this section we take a closer look at thiesiérities to draw some
formal conclusions. It will be shown that there is dualityveeen mutual information
maximization and total time minimization problems.

4.4.1 General Maximization Problem

To make a connection between optimization problems stuehelier, we consider an-
other problem general to the maximization problem of Seddd@. We seek the best
time allocation policy for a relay channel operating®nt 7 = ¢, for anyc € [0, 1],
so that mutual information is maximum. That is,

max IS,R,D (‘T)
P s.t. Ts, TR > 0, (4.57)
Ts + TR = C.

Optimization problem studied in Sectibn 4.2 is a speciatedserec = 1. The feasible
set is given by,
C={r:15>0,7 > 0,75+ 7r = ¢} (4.58)

Since the solution is a function of we haveZl'R;(c) to denote the optimal mutual

information,
max

srp(c) =supZsrp (7). (4.59)

T€C

Just as before, we have,
Ts = € — TR, (4.60)

and [4.7) changes to,

IS,D(TR>7 |f TR — 0,
IS,R,D(TR> = (461)

min{I&R(TR),Io(TR)}, if 0 < TR < C.
where,Zs r(7r), Zo(7r) andZs p(7r) are given by,

IS,R(TR> = (C — TR) log (1 + ’YS7R) 5
R
Zo(1r) = (¢ — 1r) log ('YS,D + 1+ Yrp] C’*R> , (4.62)

IS,D = (C — TR) log (1 + '757D) .
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Maximizing mutual information

Minimizing total time

©
75,D< |:1+'YS,R:| s —1

i
75,02 [1+’YS>R] S_1

i
7s,D< [1+"/S,R] °-1

’YS,DZ[1+’YS,R]

/»‘4571

To=

R

. . . =1, =c, > log(1 ’ =
Optimal time allocation S Ts=¢ g(1+7s k) tog (1450
TR=CTic+ TR=0. TRzgm. Tr=0.
Total time c c emin(py= BO4O) | mingy_ R
log(1+'vs,R) 10g(1+ws,D)
. . Imax — Illlax o
Mutual information SRD) =Rb( R R
CTrc 10g(1+’75,R) clog(l—l-'yS’D)
Table 4.1: Comparison between optimization problems.
The problem is thus reduced to
P: max IS,R,D (TR) . (463)

a solution to which is,

max
S,R,D

Tsr (ur(c))

0<mr<c

if ysp < (1+7sr)"™ —1

if vsp > (1+7sr)* —1o0rg undefined

obtainable by following steps similar to those used in pragisections. The optimum

time allocation is,

|

S
1+¢? cl+<

()

C—

> if 350 < (1+7sR)" — 1

if ys0 > (L +7sr)"™ —1o0rg undefined

Proposition 4.2(Maximizing mutual information on a given line of operatjoiror the
three-node D&F relay channel operating @a+ 7 = ¢, if ¢ exists and if the channel’s

conditions satisfy,

Ys.p < (1+ VS,R)MS — 1.

relaying can achieve a maximum mutual information of

2 (0) = e

1

using time allocationr = (c—=—, c——).

14+¢7 “1+4¢

1Og (1 + ’YS,R) )

(4.64)

(4.65)

Otherwise time allocatiofic, 0) is optimum achieving maximum mutual informa-

tion,

srplc) =clog (1l +sp),

(4.66)
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Figure 4.8: Z0'2%, versusc and R versusc™ are identical curves due to the duality
between total time minimization problem and mutual information maxi-
mization problem for fixed total time. One solution implies the other.
can be used to findQ'@, and 2 can be used to find™" from the same
curve. Plot generated using r = 15, 7sp = 1 andyg p = 10.

4.4.2 Duality

Table[4.1 makes a comparison between solutions to the daptiraization problems.
It compares results summarized in Theoten 4.2 with thoseapd3ition 4.2. Firstly,
it shows that there is the same direct link optimality coieditvsp < [1 + fys,R]“S.
Further, a little manipulation proves that optimal timeoadtion is typical for both
problems. Finally, curve specified B'8'(c) is identical to that specified by""(R).
This is easy to see by solving the former toor the latter forR. Both quantities are
plotted as a single curve in Figure 4.8.

We conclude that time minimization problem and mutual infation maximiza-
tion problem for fixed total time are dual problems. The doluto either problem is
the solution to the other. Figure 4.8 explains how a singteegan be used to find a
solution to either problem. An absolute maximum for mutumdbrmation is obtained
by allocating the maximum possible total time, that is- 1; while an absolute min-
imum total time is obtained wheR is minimum, that isR = 0. This duality also
formalizes the trade-off between total transmission timé mutual information. A
similar trade-off exists between reliability and power atblished in[[53].
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7t o - Equal time relaying .
— x — Optimum relaying

Average Mutual Information (bit/sec/Hz)
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Figure 4.9: Performance comparison and demonstration of possible gain from relay-
ing with optimum time allocation. Comparison is made with direct trans-
mission and equal time relaying. To generate these results it is assumed
that all channels are Rayleigh fading channels. Relay transmission power
is fixed such thaE'[yr p] = 20 dB. Source transmission power is increas-
ing to haveE[vs p] to vary from5 dB to 25 dB and E[ys r] from 30 dB
to 50 dB.

4.5 Maximizing Average Mutual Information and Min-
imizing Outage Probability in Fading Channels

In fading channels if channel information is available fdrredes, then transmitters
can allocate their time optimally each time channels charjee resultant average
mutual information is the expected value of the maximum raunformation averaged
over all possible channel conditions, i.e.,

e — / / / I (1), (x)dx (4.67)

where.f, is the joint distribution forys p, vs g @andyr p; andx = (z1, z2, z3).

Figured 4.9 compares the performance of the relay channieloptimum time allo-
cation with that of the direct transmission and relayingwvagual time allocation for a
given setup. Source transmission power increases suchdtiais o and~s g increase
from 5-25 dB and30-50 dB, respectively. At the lowest source transmission power,
both relaying techniques are superior to direct transimissis the source’s transmis-
sion power increases, equal time allocation relaying aelsiéensignificant gain. Not
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only that, but its performance becomes much worse thantdir@esmission ass p
exceeded 11 dB.

Optimum relaying, on the other hand, keeps its superioAtyhigh SNR, direct
transmission performance almost matches that of the optinelaying. This indicates
that as the source-destination channel improves, moreisirabocated to the source.
That also explains the poor performance of equal time diloca

Figure[4.10 explains how simulation results for Figure 4® generated. Pro-
gram is initiated by assigning values ivys p], F[ysr] and E[yrp], which are the
expected value for channels’ SNRs. These expected valugbaraised to generate
random channel realizations based on Exponential disiolouNext, generated chan-
nels’ realizations are used to calculate mutual infornmakietween the source and the
relay first using optimum relaying then equal time allocatielaying and finally di-
rect transmission. These quantities are denoted in FIQU@ &SR, I&%D and
Zs p, respectively. They are calculated repeatedlysasandys r increases by a factor
A~sp andAns g, respectively. This change i3 p andys g matches the change in the
source’s transmission powely's’;, stng andZs p are array variables of lengtleach.
Ans p andA~s g are functions of the maximum and minimum transmission pamer
[. The larger, the smoother the resulted curve, although at a cost of ex¢raory and
longer processing time. The process of generating rand@mnehs’ realizations and
calculating mutual information for the whole range of ther®e’s transmission power
Is repeated and summed uptimes,n > 1. The sum is then averaged over Finally
results are plotted as in Figure 4.9.

Outage probability can similarly be minimized when channfgdrmation is avail-
able by allocating time so that mutual information is gredt@n or equal to the re-
quired rate R. In that case, outage occurs only when the maximum mutuadrirdtion
Is less thank. That is formulated as,

P (R) = Pr{ TR (7) < R}

When, however, only statistical channels information iglatsée at transmitters,
the data transmission rate is fixed as well as time allocati@utage probability as a
function of time allocation is given by (3.I72) obtained in @te[3. Since no closed-
form is obtained;P can only be dealt with numerically. Matlab code is developed
order to generate numerical results for minimiziigResults in Figuré 4.11 compare
outage probability performance for optimum time allocatiequal time allocation and
direct transmission for a wireless three-node channeledloases are considered. In
Figurel4.11-a broadcast channejs 4 andys r) are the same and the relay-destination
channel is relatively weak. The optimum allocation polichi@ves superiority over
the other two with a small margin. In the second scenarioytieig.11-b, the source-
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Gtar)

E[ysp] = E[¥5,0]min
E[ysr] = E[ysRlmin
E[wpl,
Avsp, Avsr,l,m

< _Doltom

~s,p=randomg[vs p|)
~s,r=randomg[ys r])
~rp=randomg[yr p|)

I285 (75,0, Vs.R; TRD)
Is,g,o(”/s.D, ¥s.R: TRD)
Zsp(7s.0, 5.R, TRD)

750 =750 + Aysp
YsR = VsR + AYsR

sunf%%},:sunﬁé‘gﬁ) + I%‘Ej‘[,
sunizs_R7D=sunﬁZS7RyD + Is,R,D
sunts p=sunts p + Zs p

max _ ZSRr
avIgRp = an,

EQ _ Lsrp
aIsgp o
avZgp = =2

m

plot( 7285, 70, Tso ) /

end

Figure 4.10: Flowchart diagram demonstrating the generation of the simulation re-
sults in Figuré 4)9.
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Figure 4.11: Comparing outage probability performance of different transmission
techniques. We hav& = 0.2. The source transmission power is in-
creased while relay transmission power is fixed. {&)s r] = 5 — 25
dB andE[yrp] = 5 dB, (b) E[ysr] = 5 — 25 dB andE[yr p| = 5 dB,
and (C)E[ys r] = 20 — 45 dB andE[yr p] = 30 dB.
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destination channel is improved By dB while other channels are not changed. As a
result, direct transmission becomes optimal. In Figurdl4.,1the source-destination
channelis similar to that in Figute 4]11-a, while the sotnelay channel and the relay-
destination channel improved Hy dB and25 dB, respectively. Consequently, both
optimal time allocation and equal time allocation outbea¢a transmission with a
significant gain. Optimal time allocation, neverthelessnains superior over equal
time allocation policy.

4.6 Chapter Summary

In this chapter we studied some of the optimization probleanthe relay channel. So-
lutions are worked out for mutual information maximizatiproblem and total trans-
mission time minimization problem. Interestingly, an imamt duality is established
between optimization problems. Results obtained in thipteraare useful for partner
selection in cooperative networks addressed in Chapter faiftdhop relay channels
studied in Chaptédrl 6.



Chapter 5

User-Cooperative Networks

In this chapter we propose a user-cooperative model baste dtinree-node D&F relay
channel. The aim is to give a practical demonstration on redayrchannels form the
basis for user cooperation. Cooperative techniques arieylarty important for net-
works with a reduced or no infrastructure. More attentiogiven to partner selection,
as it is crucial for the success of cooperation schemes.uUssér and useful partner
are defined and associated conditions based on the modeiedswe derived. Simula-
tion results are generated which gives some insight interstanding the performance
of a cooperative network and how it is affected by differeetwork parameters. To
a lesser extent, this chapter also brings to attention sdhes ssues associated with
user-cooperative schemes such as fairness between wesograe allocation, cross-
layer issues, network simulation issues and added contyl&xi study and understand
the cooperative model proposed in this chapter, we rely ethitee-node relay channel
studied in Chaptér] 3. Results obtained in Chdpter 4 are alsalusef

In the next section an introduction is given. In Secfion 5t&@user cooperative
model is proposed. Sectidn b.3 considers the applicatidgheofwo-user model to a
multi-user ad hoc network. Partner selection occupies widséctiori 5.8, followed by
network simulation in the same section. Finally, Seclich fummarizes the chapter
and gives some concluding remarks.

5.1 Introduction

Modern wireless networks aim to maximize users’ freedoner&lare, however, many
technical challenges. Taking the example of ad hoc netwdhikse could be multi-
ple sources and multiple destinations. Geographicalibiigton of nodes is random.
No centralized control is available, so users have to takesims. Without infras-
tructure, connectivity between users depends on innayafiiicient routing and user-
cooperative protocols.

Cooperative communication is a promising technique to iw@rihe quality of
service for ad hoc networks. Users share resources for hilgteughput and more re-
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. 1 . 1 *

> time

-~ Tl(A) —_—<— TQ(A) — 7‘1(8) > TQ(B) >

Figure 5.1: (a) A prototype for a two-user cooperative network and (b) the detwat
time allocation.

liable connectivity. The variety of hardware and applicas results in different types
of networks. In addition, users can be arranged in clustedifflerent sizes. An in-

dividual user could be a member of more than one cluster, twinieans an infinite
number of cooperative strategies for a single network. @lstategies vary in their
complexity and the outcome.

A cooperative communication policy could benefit indivilugers as well as
the network. There are many reasons a user may want to ceeperg., to increase
throughput, improve reliability or save resources. Coadper@ommunication can also
improve the overall performance of the network, improvecedficy of resources’ usage
and improve fairness among users.

We learned from Chaptéld 3 that relaying could be advantageolyswhen the
suitable relay exists and the right time allocation is chosAs so, in a cooperative
network any partnership selection must be made under gertenditions determined
by network and individual users. These conditions shouldatthe aim from cooper-
ation, constraints on users due to hardware and resounci¢égtions and the nature of
the application running on the network.

5.2 A Two-User Cooperative Model

We start by considering a model for user clustering and fasua type of networks
where there is no dedicated relays. Users cooperate bynglagch other’'s message.
Specifically, they form D&F relay channels in which they eanbe source and relay
roles. In what follows, the wordseris used to mean a source node. Only clusters of
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size two are considered. That is, no more than two users lakeesl to cooperate. We
assume that users can transmit as well as receive. Newsthehey are half-duplex
constraint. Destinations, on the other hand, can only vecei

In addition to the limitation on cluster size, two other asptions are made solely
for the sake of reducing complexity. First, cooperation taelse reciprocal. Each user
is allowed only to help another user who helped him/her. Moeege, only symmetric
cooperation is allowed. Cooperating partners allocate theources (power and degree
of freedom) similarly. Relaxation of these could improvedlgcome from cooperation
with some added complexity.

Figure[5.1 shows a prototype for a four-node cooperativeort There are two
users, UseA and UserB; and two destinationd), andDg. UserA wants to send a
messageva to nodeD,. Likewise, UseB has got a message; to be sent to nodBg.
UserA and UserB cooperate to send their messages by forming two relay cklanne
(A,B,Da) and(B, A, Dg). Subsequently, each user divide its available time into two
parts. UselA uses the first part of its available timé,A), to transmitwa. The second
part, 7, M is allocated for UseB to repeatuv, upon successful decoding at the end the
first part. Time available for Usé3 is allocated in the same way.

There are two sets of channelsy® £ (yap,,7a8,78D0,) and v& =
(78.0s> VB.A, YADg) @SsocCiated witHA, B, Da) and (B, A,Da), respectively. We as-
sume that CSIT is available for users. Mutual informationiedble by each relay
channel is exactly the same as that for the adaptive D&F refennel studied in
Chaptef 4. Therefore for chann@, B, D,),

Tap, (1) if 7V =0,
T +m)y _ ] Lapa ’ ’ 5.1
a0, (T) { min{Zag (1), ZM (W)}, o< <1, (5.1)
where
IA,DA (T(A)) 1( )1Og(1+’7A DA)
Tag (™) = 7V log (1 +ag) . (5.2)
()
T2
I(()A) (T(A)> = Tl(A) log (’YA,DA + [1+78,04] e )

Similarly for channe(B, A, Dg),
T (8) if 7.8 =0
80s (7)), no (5.3)

7. (B)) —
g.aps (7)) {min{IB,A (r®), 2P (+®)}, ifo<n® <1,
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where
1B pg (T(B))

% log (1 4 VB,Dg) ;
Ig A (T(B)) (®

)
) 10g (1 + ’}/B,A) 5 (54)

(B)

T

2
—(B)Y
I(()B) (T(B)) = 71(8) log ('VB,DB + [1 + Ya.Dg) o >

Note in (5.1) and.(513) that rate is normalizes by the numbdegrees of freedom
available to each user. As before, a naive power policy ipteidb Transmission power
remains fixed regardless of time allocation. The sum ratéeeahle by both users is
the average of their individual rates,

(A)

(1Y + 8 Iag.on (T®) + (1P + 18PV Tg a g (7®))

N+ +1® 4+ P

IA,B;DA,DB(T(A): T(B)) =
(5.5)
We assume both users are allocated the same amount of dégessdom, so we have,

Tapoaps (™, 7®) = LTa g, (7)) + LT ap, (®)) bit'sec/Hz  (5.6)

5.2.1 Time Allocation

Time allocation for each relay channel can be carried oudrseely. Ideally we would
allocate time to maximize mutual information (or minimizeal time) for each user.
Nonetheless, this is not always possible due to constrianmesed by the system such
as maximum average power, minimum throughput or maximumpdexity. In our
case the symmetry requirement prevent optimum time allmcat

A general time allocation problem may take the form,

A B
P— {Tgl)i}({B) f (IA,B,DA (T( )) JIB7A,DB (T( )>) (57)
for some functionf(.). We arbitrarily choosegf(.) to maximize the minimum rate of
the cooperating partners,

P { max, min{Za g p, (‘T(A)) . I8 A.Dg (T(B))} (5.8)

One advantage of this time allocation policy is that it acegesome degree of
fairness between cooperating users. It also ensures a inicaoperation strategy.
Other time allocation policies could be assumed to maximrmeuser’s rate, maximize
the sum rate or minimize the total time used by users whiléeacig a predetermined
rate.
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5.3 A Cooperative Network

We consider an ad hoc wireless network, where users are gednd work in pairs
cooperatively for helping each other. In particular, usaes allowed to choose their
partners on the condition that cooperation must increaserthtual information for
both users. The prototype presented in the previous sestiapplied by cooperating
users.

5.3.1 Partner Selection

An important issue to consider in a cooperative network isneaship selection and
formation of clusters. This subsection formalizes the neaghip selection for user
cooperation based on the constructiveness or mutual nesfito be defined shortly.

5.3.1.1 Useful User and Useful Set

Consider UseA in the network looking for a single partner among other udalsled
B,C,D,.... Taking UserB as an example, Usd is not considered for partnership
unless it is classified by Uséras a useful user. A definition for the useful user varies
depending on the network and partnership selection rulegerferal definition of a
useful user isone who helps to achieve cooperation aims without breachistesy
constraints In what follows, a definition for useful is given based on thedel as-
sumed.

Definition 5.1 (Useful User) With regard to UserA and destinatiorD,, UserB is
a useful user if UseA, with UserB as a relay, can achieve rate greater than that
achievable by direct transmissiah, p,. Otherwise UseB is a harmful user.

Lemma 5.1(Useful User) UserB can not be a useful user for us&runless,

YA,DA < YAB (5.9)

Moreover, UseB can only be a useful user for UsArif,

(A)
Yapa < (1+7a8)" —1, (5.10)

where,
LA log (1 + B,0,)
! log (14+va8 —7ap,) +10g (1 +v8p,)

(5.11)

Proof. Consider relay channéh, B, D). From Definitior. 5.1, UseB is useful only if
there is time allocatiom® such thafZa p, < Zagp, (T"*) < ZR&p, . From Theorem
43, Zap, < IR%o, = Zngs (™) only if (6.10) is satisfied. Neverthelegs{® =
(ugA), ugA)) must exist for[(5.10) to be tested® exists only if [5.9) is satisfied. [



5.3. A Cooperative Network 99
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Figure 5.2: v p, relative to other channels determines if USeis a useful user or
not.
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Condition [5.9) is a necessary condition, while Conditiordl@.is a sufficient
.- . (A)
condition for UserB to be a useful user. Recalling th@t+ yag)" — 1 < yapg we

may combine[(5]9) and (5.110),

A
o

Yapy < (1+78)" —1 <7as (5.12)

Lemmal5.]l only states the conditions for a user to satisfyrieioto become
useful. It does not say, however, what time allocation pesienakeZa g p, (T(A)) >
Zap,- Generally, with useB as a relay, subject to time allocatier), userA can
achieve any rat&, R < I)'g%, . In a cooperative scenario, it is appealing to find out
all time allocations to make Us&ra useful user.

Definition 5.2 (Useful Set) With regard to relay channdlA, B, D,), there is a useful
set,Aa g, that contains all time allocations for the channel to ast@igates greater
than direct transmission.

The following Lemma explains how to finlla g p, accordingly.

Lemma 5.2(Useful Set) For the relay channe(A, B, Da), Aa g p, IS the convex set,

TQ(A) <1- Tl(A)

)

" < log (1 + 7a,ps)
1 log(l +7A,B) ’

1
—~
log ([1 +7a0a] T — VA,DA>

log (1 +8,p,)

(5.13)

) (A)

> T

e
Proof. From Definition 5.2, we may writ&a g p, as,

Aagps = {T(A) : ZaB,DA (T(A)) > IA,DA,Tl(A) > O,TQ(A) > O,Tl(A) + TQ(A) < 1}
(5.14)
Aa g pg IS similar toC in Section.4.3.2 and can be determined in an analogous
way. R in (4.21) is replaced witlla p, in (5.14). Alike [4.21),AA g p, Can be written
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10g(1+’YA,B)

1 7'1
)
log ([1+’YA,B] T ’7A,B>
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Figure 5.3: Shaded is\a g p,, the set of time allocations in order for the mutual in-
formation for the channélA, B, D) to exceed that of direct transmission.

as a union of two sets,

AA,B,DB = {T(A) :I(SA) (T(A)) > IA,DA7T2(A) Z 07 TQ(A) < ng(A)7 7—l(A) + T2(A) S 1} U

{7-<A> Tng (T0) > Tap, 7Y < 7P 7P 47 < 1}

which reduces to,

log (1 4+ 7ap4)
AABD. = {7.( ). (A)_|_ (A) <1, (A) > Dn)
,b,UB 1 log(l‘FfYA,B)

1 (5.15)
()1g [1+7A.02] T —7A.DA

> Tl 10%(1+WB,DA> }7

same ad(5.13)\a g p, iS Shown in Figur€5I3. O

(A)

5.3.1.2 Useful Partner and Constructive Partnership

Intuitively, if UserB is a useful user, the best option for Ugeis to use time allocation
n™ to achieve the maximum mutual information. A cooperativelgialiffers from a
relay channel in that the former isgave-and-takekind of relationship. It is expected
that both users benefit from cooperation. Thui® is not always an acceptable time
allocation. Especially with the asserted condition thdy @ymmetric cooperation is
allowed. In this context, we may recognize three types diheaships between any two
users in the network:-

1. Constructive Partnershipvhen both users are useful to each other.
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2. Destructive Partnershipvhen both users are harmful to each other.

3. Unfair Partnership when one user is a useful partner while the other is a harmful
one.

Apparently, for all scenarios constructive cooperatioprisferred while destruc-
tive cooperation should be avoided. Unfair cooperationr@hipited in the system
assumed in this chapter but it could be be useful for somatsits.

It is necessary then for Usérand UseiB to make constructive partners to have,

Angps # 0,
Aagp, # 0.

(5.16)

This, however, is not sufficient to make constructive paghig possible. Time alloca-
tion must be chosen from the constructive 9}z, defined below

Definition 5.3 (Constructive Set) The constructive set)a-g, is the set of all time
allocations to make the cooperation between Usemnd UserB a constructive coop-
eration.

Due to symmetric time allocation, in what follows, substigdropped from time
allocation. Thatisr £ (71, 7,) refers to UseB'’s as well as UseA’s time allocation.

Aang IS given by,

Apre = Aag,ps N AaBDs

—{rintn < n > max{Ai(v®), ily®)},

T2 > maX{fz("/(A),Tl), fz(’V(B),ﬁ)}}a (5.17)
where,
log (1 + vap,)
Wy = = 5.18
f1(7 ) log (1 + '7A7B) ( )
log (1 + 8,pg)
®)y = 8 5.19
f1(7 ) 10g (1 + /VB,A) ( )
1
log [1+’YA,DA]TI —YA,Dp
(A) _
fo(v™ ) = n— oy (5.20)
1
log [1+’YB,DB]TI —7B,Dg
L(y®, ) =mn (5.21)

log(1+7a,0g )
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T = fi (’Y(B))

T = fi (’Y(A))

1

Figure 5.4: Shaded is\ang, the set of time allocations in order to make cooperation
between UseA and UseB a constructive cooperation.

UserA and UseB can cooperate constructively only if,

Aang # 0, (5.22)

The next lemma states conditions to guarantee a nonefmpgy.

Theorem 5.1(Constructive Set)Aaqg # () only if both condition(5.9) and condition
(5.10)are satisfied for channels\,B,DA) and (B, A, Dg); and,

{fz (YW, 1(Y®)) + A(v®) < 1, (5.23)
P2 (Y® AR + A(™) <1, |
Proof. From (5.17), in the »-plane,Apg is the area,
T + To S 1, (524)
7 > max{fi(v*), fi(v®)}, (5.25)
Ty > max{f2(7(A)a7_l)7f2<’7(B)77_1)}‘ (526)
illustrated in Figuré 514.
From (5.24) and (5.25),
maX{fl(’Y(A))afl(’Y(B))} <7 (5.27)

<1, (5.29)
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yielding,

log (1 + vap,)
(A)y = A 5.30
AT log (1 +7a8) (5:30)

and

log (1 + YB.D )
®)y = LU S| 5.31
Hr™) log (14+8.A) (5:31)

which is true only if [5.9) is satisfied.
Now consider[(5.25) and (5.26), we have,

max{ fo(v*, 1), o(v®, 1)} <1 - 1. (5.32)
We seekr, that makes(5.32). Takg = 7™ > max{f;(v™), f1(v®)}.
max{ fo(Y™, 7", fo(v®, 7} < 1— M, (5.33)

o,
max{ fo(y™, "), fo(y®, M)} + At < 1L (5.34)

To make[(5.34) correct, it is sufficient to have,

fo (Y™, A + AR®) < 1, (5.35)

fo (VB A(y™) + AV < 1, (5.36)
and,

fo (Y™, A(Y™) + A1) < 1, (5.37)

fo(Y® AE®)) + AR®) < 1. (5.38)

It is easy to show thai (5.87) and (5.38) are true wihen (5.9tisfied for both relay
channelsAa g p, andAagp,- O

5.3.1.3 Procedure for Partner Selection

From UserA’s view, all users in the network can be arranged into threeps,L, M
and/, such thatN" C M C L. L is the set of all users in the network except User
M is the set of all useful users, whil€ is the set of all useful partnerg., M and
differ for each other user in the network Af contains more than one user, Udecan
select one of them as a partner. We make an assumption thiaégsaare selected to
maximize the sum rate. UsArthus calculates the appropriate time allocation for each
useful partnet) using [5.8) and chooses the one that satisfies,

P {%15\)/( IA,U,DA<T) +IU,A,DU (’T) (539)
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User A UserB
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Yes ®
| #DB«’7'B,A(-:7R;DB"YB,DA — 7A,DA<(1+7’A_B)”1 —1
P2 (™ 51O )1 (B <1,
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min {IA,U‘DA (T) 1IU,A;DU (T)}
FindUe{B,C,D...} to maximize (B) End
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Zaupa(Tont) + Zuany (Top) opt
o / . J

Figure 5.5: Flowchart showing how usé is chosen by usek for cooperation. User
U in UserA'’s side refers to any user contacted by U&dor cooperation.

This selection is in favor of improving network overall pamhance.

To conclude this section, an upper layer procedure for pagelection is pre-
sented. In what follows we show the steps taken by Wsand appropriate users in
the network in order for UseA to select a partner. It is assumed that each user in
the network keeps limited information about the networkisTi necessary from the
upper layers’ view to keep the size of the memory at a minimixira information
can indeed be obtained when required. In particular, itssi@ed that each user knows
about the channel to its destination in addition to chanteedd| neighboring nodes. A
node is considered as a neighbor if it is within the range ¢odibstination. Usek, for
instance, knowsx p, and allya y for every UselU with,

YA,DA < VAU (5.40)
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So UserA’s neighbors are users who satisfy conditibn}(5.9). On themhand, each
of these users knows the channel to its destinatigm,,. UserU only kKnows~yy a,
however, if,

Yu,Dy < YUA, (5.41)

l.e., if UserA is a neighboring node. The following steps are taken in dimieserA
to select a partner:-

1. UserA multicasts &Cooperation Request Pack&RP) to all neighboring nodes.
The CRP contains additional information. It tells neighbgrimodes the 1D for
UserA’s destination Da), ya.p, andvya u.

2. Users who receive the CRP check first if Uaas a neighboring node by check-
ing condition [5.9). If User is not a neighboring node, the CRP is ignored.

3. Those who have Usér as a neighbor check condition (5110) using information
sent by UseA in addition toyy p,. If condition (5.10) tests positive, it means
that the user is a useful user to Uger If the test fails, however, the CRP is
discarded and no action is taken by the user.

4. If auser, e.g, Usdd, is declared as a useful user to Useit replies to the CRP
with a Cooperation Request RedligRR) packet. The CRR also contains the ID
for its destination in addition tQy A, yu.p, andyup,-

5. Upon receiving the CRR, UséArchecks conditior((5.10) and (5]23) on all reply-
ing users, using information attached to the CRR, in additiopng,. UserA is
a useful user to those who pass condition (5.10). Wsean make constructive
partnerships with those who paks (5.23) as well.

6. UserA calculates the appropriate time allocation for each uggdniner using

E.9).

7. UserA works out the sum mutual information which would result fraoop-
erating with each of the useful partners using time allecatalculated in the
previous step. Usek chooses as a partner the user who maximizes the sum rate.

8. Finally, UserA sends to the chosen partner the calculated time allocation.

The above procedure is illustrated in the flow chart in Fighufe Although this
negotiation may involves several users, in Fidguré 5.5 ordgrd and UseB are pre-
sented. Figure 5.5 also assumes that Bsisrthe successful partner.
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The above procedure takes into consideration the numbeseoiead packets and
the amount of information kept by each user. From upper lpgespective in a non-
centralized network, there is a trade-off between thesepavameters. Keeping more
information about the network needs extra hardware and eoste, while less infor-
mation leads to more overhead packets exchanged whichsvasteh of the resources.
In the procedure proposed, we took advantage of the condi@stablished in Sections
and 5.3.1.2 to keep minimum information stored byger in order to estab-
lish partnership negotiation and at the same time minimnvagteead traffic. Efficiency
of this protocol needs further investigation in differenesarios and networks using
cross-layer analysis.

5.3.2 Network Simulation

A simulation program is developed based on the model andgraselection procedure
discussed in the preceding part of this chapter. The aimeo&iimulation is to show
how partner selection is affected by some of the networkrpaters like average SNR
and node density. Results are also generated to show thé effaser-cooperative
partnership on the network throughput.

5.3.2.1 Network Model

We consider an ad hoc wireless network, where nodes are mangmsitioned. With
regard to some reference point, ndde positioned atz;, y;) wherex; andy; are ran-
domly generated according to a zero-mean normally diggtuandom variable with
variances?. That makes the distance from nodes to the origin,a Rayleigh dis-
tributed random variable, that i§ ~ Rayleigh(c). The expected value of the distance
from a randomly picked node to the origiijd,], is used as a parameter that deter-
mines the spread of the nodes. In the simulation we lgdg] = 100 m. This is used

to calculates since,

o= /2 Eldo]. (5.42)

™

It can be shown that the distance between any two nadess, also Rayleigh
distributed, that igl ~ Rayleigh(1/20) (see appendixIB). The network is parameterized
by the average SNBNR, given by,

P
NR = —FE[d™°]. 5.43
SNR = - F[d "] (5.43)
where,P is the fixed transmission poweY,, is the noise variance andis the path-loss
and shadowing coefficient. For a Rayleigh distributed randarable [74],

Bld*) = (20%)FT (14 3) (5.44)
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wherel’(.) is the Gamma function. Derivation @[d“] is given in AppendixB.

Each node has a unique identification (ID) number. Half ofrtbdes are sources
and the other half are destinations arranged randomly omucs-destination pairs. The
available degree of freedom is equally divided betweensugdl nodes are subject to
half-duplex constraint.

Users are allowed to form partnerships in order to increlase tates as well as
the total rate achieved by network. The two-user model dsed earlier in this chapter
is used as a prototype for cooperation and partnershiptgeiecSo a maximum of
two users per cluster is allowed; and partnership has todproeal and symmetric.
Starting from the user with the least ID number, a partneoigght in a similar way
to that described in Sectidn 5.3.1.3. When a user succeeddimdira partner both
partners are declared as unavailable for cooperation.

Results are generated to show the percentage of users ssiccéeaning a part-
nership in the network. This is carried out for a rangé&SNR, « and node densities
(function of number of users in the network afA(l,]). Results are also generated to
compare network throughput before and after cooperatidwe average mutual infor-
mation in the network without user cooperation is given by,

- 2
1= N ZIi,Dia (545)
where,7 is the set of all usersy is the total number of nodes in the network and
Z p, is the mutual information between nodand its destinatio; (in bit/sec/Hz),
normalized by the available degree of freedom for us€he percentage gain in mutual
information is calculated according to,

-Tcoo _I
G="22 = x100%, (5.46)
T
whereZ,,, is the average mutual information in the network after forgpartnerships
given by,
> Tioolm) + Y Tio
= ij(ec ieT—C
Icoop - N/Q ) (5-47)

where,C is the set of all users succeeded to find partréisis the partner for User
and7® = 70 is the time allocation for usérandj).

5.3.2.2 Numerical Results

Flowchart in Figuré 516 outlines the code used to produadtsepresented in this sec-
tion. The developed code so is long and complex that it coeldripractical to include
all the details in the flowchart. Typically, each of the boke&igure[5.6 represents a
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Useri = 1to N/2

| Find a partner for User I | Tij0,(7Y) & Zy5),0,(t9) I

Is a partner found
for Useri

Nodesi andj(i) are
unavailable for partnershig

Toop =2 | Y Tino(ip) + Y Tip
iiee ieT-c

Figure 5.6: Flowchart to outline the code used to produce numerical results for the
cooperative network. Most of the variables are multidimensional arrays.
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separate program with routines and sub-routines. Fomnostdox sayingFind a part-
ner for Useri’ in the tenth row is a program that includes several subn@stimatching
the procedure proposed in Section 5.3.1.3 and the flowah&igure 5.5.

Initializing parameters for the program are th&l| which determines the disper-
sion of the nodes from the origin, the set of total number efrtbdes in the network, the
set of path-loss coefficients and the se$NR. Those parameters are used to generate a
random network according to the specifications stated iptegous sectionZ is then
calculated using (5.45). Next, partners are sought acegridi the conditions stated
in Section 5.3.]1. If a user succeeds in finding a partner, bséis are removed from
the list of available partners. Mutual information is rexdated for those who formed
cooperative partnerships_s'COOp is worked out using (5.47). Calculation &fandZ..,,
is carried out for allV, « andSNR in IV, « andSNR, respectively. Network generation
and all calculations are repeatédimes, whereél’ > 1, and average is taken. Finally,
a separate sub-program arranges the accumulated resyite$entation.

Figurel5.7 shows the percentage of transmitters who sudeédeilding construc-
tive partnerships versus for differentSNR. Results are generated for= 2, 3 and4.
Produced graphs suggest a strong connection betweenelibditd of a user success-
fully finding a partner and network parameters. For a givéhe percentage of cooper-
ating users increases with the increase in network densitAoadecrease iBNR. This
behavior is even more apparent for largerNevertheless, the rate of increase of the
percentage of cooperating users WitliR is higher at higtbNR than at lowSNR. That
Is to say, for a given node density, although the number ofsusbo tend to cooper-
ate in highSNR is small, that number increases significantly with smallpdrm SNR,
while in low SNR that number increases only insignificantly #l8R decreases. For
example, the percentage of cooperating users increaseis/thran20% at N = 70
asSNR drops fron30 dB to 10 dB, while that percentage increased by less thH#x
whenSNR drops from—10 dB to —30 dB for the same node density.

We conclude from observing Figure 5.7 that in general findinmartner is easier
in dense networks and when channel conditions deteriorate.

Figure[5.8 exhibit another set of graphs in which the pesmgmgain of the net-
work sum rate versuSNR is plotted for different node densities. Results are geadrat
for o = 2,3 and4. In general, the network seems to benefit more from cooper&r
smaller node densities. Moreover, gain is also bigger fogéia. The behavior of the
gain becomes more interesting®¥R changes. For a givem and given node density,
gain in network rate starts from almost zero and increasé&d&sdrops. Eventually,
asSNR exceeds-10, gain starts to decrease. This behavior is typical forvadhd all
node densities. It differs only on the rate of change in gaithaSNR changes and the
maximum gain attained in each case.
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To understand the reason behind this behavior, it is usefiddk back and con-
nect these results to those in Figlrel5.7. There are tworkaeffecting the gain in
network sum rate. One is the number of cooperating usershandther is the gain
attained by the individual cooperating user. In turn, baittdrs are affected b§yNR.
As suggested by Figure 5.7, 8NR decreases, the percentage of cooperating users in-
creases. Figuiie 5.8 is justifiable only under an assumgphiainthe gain for individual
cooperating users decreasesSBR decreases. To explain, startingSMR = 40 dB,
no user wants to form a partnership and thus gain from cotperes zero. ASSNR
drops, more users form cooperative partnerships. Thisasrmapanied by a decrease
in the rate gain per cooperating user. The increase in thédauof cooperating users,
however, is significant and dominates the decrease in timefgaindividual users for
SNR < —10 dB. As a result, the overall gain in the network increasesSKR falls
below—10 dB, the increase in cooperating users is minor and thus isrdded by the
decrease in gain per cooperating user. As a result, thelbgaiain the network starts
to decrease again. This justification agrees with the obtens from Figuré 5]7.

We conclude from Figure 5.7 and Figurel5.8 that at 18R, users are unlikely
to form cooperative partnerships and thus the network ksriefis. In lowSNR net-
work’s benefit from cooperation is humble too, due to thegnsgicant gain in rate per
cooperative user. There is an optimSMR where gain from cooperation is maximum,
which in this case is approximatelyl10 dB.

It is important to remember that these results only refleeptiysical layer’s view.
A cross-layer analysis would reveal more reliable resits.example, when consider-
ing the moderate gain from cooperation accompanied by tge lrumber of cooperat-
ing users at lovBNR, it is necessary to consider wasted resources due to tloeluged
overhead needed to establish partnerships. The actualgthpat could be much less
than that shown in Figure 85.8. It is also important to consimeerhead traffic for
rapidly changing channels and rapidly changing networksre/ipartnerships are to be
constructed and destructed continuously.

It is also important to remember that results obtained fi $kction are a result
of the model assumed at the first part of the chapters for @asttip and network. We
should expect that cooperative networks would perfornmebdtsome of the constraints
are removed. For instance, the limitation in cluster size e condition on partner-
ship to be symmetric and reciprocal forces users to chogsddeored partners and the
resultant rate is not the optimum. Procedure for partnercseh also involves some
policies, which does not allow for the best options. In maitr, the order at which
users select their partners is not optimal. Giving priaigtyhose who can benefit more
from cooperation would result in a better performance fa tietwork. This could
also be treated by allowing a selected partner to make itsdeeisions before com-
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mitting itself to any partnership offer. This chapter, nthredess, aimed at developing
a framework for dealing with cooperative networks rathemtiseeking the optimum
cooperating strategy.

5.4 Chapter Summary

In this chapter we considered user-cooperative commuoreain wireless networks.
Based on the three-node D&F relay channel, a two-user cotyeenaodel is proposed.
More focus is given to partner selection and necessary tiondiare generated for
partner selection. The prototype is then applied to a nusiir network. Numerical
results gave us some insight into the relationship betwedwark performance and
network parameters. The proposed two-user model and agiphicof this model to a
multi-user network offers a framework to deal with a broa@ege of networks. Most
of the terms defined here and conditions established cart&eded to other scenarios.



Chapter 6

Multi-Hop D&F Relay Channel

In this chapter we extend results obtained for the two-hamnokl to any number of
hops. In sectioh 611 we introduce the channel. In Se¢tidmtuial information is
worked out. Conversion point is also introduced for the clehnin Sectiorl 6.3 dis-
tribution functions for mutual information in Rayleigh fadj channels is found. Then
average mutual information and outage probability forraalee evaluated. Sectibn 6.4
discusses the problem of optimal routing. Some examplegiges in Sectiori_6)5.
Finally, this chapter is summarized in Section 6.6.

6.1 Introduction

In the classical multi-hop relay channel, information igts@ a consecutive fashion:
first from the source to the first relay, then from the firstydtathe second relay and
S0 on until the message reaches the destination terminas. mnidde of transmission
is also called non-cooperative relaying. Apart from thersewand the destination,
non-cooperative transmission assumes that each nodengaed to one node in the
downstream and another node in the upstream. In contraspadperative relaying,
each node combines all the signals received from all nodd=eimpstream. It is thus
necessary to have a fully connected network, such as thendfigure 6.1, in order to
carry out cooperative transmission.

A general multi-relay channel consists of a number of refayanged into differ-
ent groups or levels, where relays in the same level codpelatiecode and transmit
the received information [35]. In this chapter, we are iested in the multi-hop relay
channel with a single relay per hop. We further consider tineless medium where the
network is fully connected and relays have half-duplex tamst. We consider that an
M-hop relay channel comprises a source node, labeled asin@déestination node,
labeled as nod&/ andM — 1 relay nodes labeled accordingly by,2..., M — 1}.

Due to the half-duplex constraint, only one node can trahaima time. Avail-
able time is thus shared by all transmitting nodes. Noligtens during time periods
To, T1 - - - Ti—1, transmits during; and remains idle during periods, 1, 7542 ... Ta_1.
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o [1 [ 2 [3]4]
To T (%) T3 T4

Figure 6.1: Multiple-hop wireless relay channel and time allocation. Here cooperative
transmission is possible since the network is fully connected.

An example is given in Figure 8.1 forfahop relay channel. Figufe 6.2, further, de-
scribes transmission from a source nodeto a destination nodé, The first node)
broadcasts the message to all notles. . . 5. Nodel starts decoding the message im-
mediately at the end of phase 1 and retransmits the messtgesacond phase. Node
2,3 and4 follow. Each node combines all received copies of the sigmalecode the
message before transmission. For example as shown in Fg8ireaodet combines
signals transmitted during time periods ; . . . 73 and retransmits the message during
7,. D&F is advantageous over A&F as transmission is extended many hops.

6.2 Mutual Information

According to the D&F signaling, each relay must be able toexilty decode the
transmitted codeword. Mutual information between the se@and destination nodes,
therefore, is bound by the minimum achievable rate at theragg®n and each of the
relay nodes. For the chann@l 1... M), mutual information, denotefi;, is given by,

Iy (1) = je{lr’lgvi.r}’M} Iéj) (1), bit/sec/Hz (6.1)
T = (70,71, ...Tm—1) IS the time allocation vectof[éj) denotes decoding rate at
node; given repeated transmission from nodes ... ; — 1. The first relay is partic-
ularly important, as we will see in Sectién 6.4, thus we give hame; we call it the
primary relay. All other relays aresecondary relaysOnly one copy of the signal is
received at the primary relay, thus we have,

() = 70log (1 + 0.1) - (6.2)
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Figure 6.2: Transmission from node (source node) to node(destination node) over
5 hops. (a)-(e) Nodes. . . 4 transmit/forward the signal using . . . 4 of

the available time in each hop.
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Figure 6.3: The accumulated rate at nodiafter4 hops,IéA‘).

IéQ) can be be copied from Chaptér 3 using the appropriate nofation
(2) _ il .
I, (1) = 1 log (’yo,g + 1+ 7.2 m) bit /sec/Hz. (6.3)
Similarly for j = 3, with help of Lemma& 32,
Z(()S) (1) = 79 log (7073 +[1+ 71,3]% +[1+ 72,3]% — 1) bit/sec. (6.4)

This can be generalized to any nofe

Jj—1 .
Ié]) = 79 log (Z (1 +%‘7j)% -7+ 1) . (6.5)

1=0

The following proposition formalizes mutual informatiaorthe A/-hop relay channel.

Proposition 6.1 (Mutual Information for Multi-Hop D&F Relay ChannelConsider

a cooperative multi-hop relay channel where ndde the source node, nod¥ is
the destination node and nodés2... M — 1 are relay nodes with half-duplex con-
straint. 7 = (79, 71 . . . Ta/—1) IS the corresponding time allocation. Mutual information
between the source and the destination nodes is given by,

_ . () i
Ty (1) = je{lrg}.r}’M} 7y (), bit/sec/Hz (6.6)
where,
7j—1
I(j = 19 log, (Z (1+ ’y” To —J+ 1) (6.7)
1=0

6.2.1 Conversion Point for The Multi-Hop Relay Channel

Any time allocation,r, must be such that; > 0 and Zj 7; < 1. In the following,
concepts of operation line and conversion point are redgforehe multi-hop channel.
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Definition 6.1 (Operation Line) The operation line is the IinQ{;& T, = ¢, where
¢ € 10, 1] is proportion of the available time used for transmission.

Unless otherwise specified, it is assumed that all availale is used for trans-
mission. That is, always = 1. Extension ta: < 1 is straightforward.

Definition 6.2 (Conversion Point for Multi-Hop Channgl). Conversion point for the
multiple-hop D&F relay channel is the time allocatign = (g, pt1 - . . ta—1) SO that
we haveTy, (p) = Z\" (u) = ... Z8™ ().

It can be shown that there can be no more than one conversioinpeo channel.

Lemma 6.1(There is No More Than One Conversion Point per Chanrkel) a given
set of a channel’s realization and a given operation lineréhcan be no more than one
conversion point.

Proof. From definition  is the time allocation wher®" (1), Z\* (), ... 7™ (1)
intersect. We know from proof of Propeity 2 in Lemfnal 3.3 tﬁ(ﬁf (p) andIéQ) (p)
may have a maximum of two intersections, of which only oneriseligible con-
version point. Therefore, there can be no more than oneset#don points for
7" (), I (1), I3 (). O

We may classify the channel as suppressed or unsuppresse@pressed channel
Is the one which has no conversion point. We also define theecsion ratio vector
associated with each unsuppressed channel.

Definition 6.3 (Conversion Ratio Vectok). Conversion ratio vector for a multi-hop
D&F relay channel is the vector = Mlop, = (1,61,% - Spmr—1)-

The following lemma explains how to calculatand conditions for its existence.

Lemma 6.2 (Properties of The Conversion Ratio VectoRpr an unsuppressed multi-
hop relay channe{0, 1... M),

1. ¢; is independent of the operation line and is given by,

tog (14 + 0, = 53 [1 + 7))

, (6.8)
log (1 +7j,511)

Sj =
foryj=0,1,..., M — 1.

2. ¢ always exists and is equal 1o
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3.¢,j=12...M—1,existsonlyif;, s . ..g;_; existand the following inequality
is satisfied,

—

11—

j—1
[1 + ’)/]m'] > Z [1 + ’yk,j+1]gk -7 (6.9)
k=0

>
Il

0

foralli=1,2...7.

Proof. 1. From definition, at the conversion poiff’ (1) = Z™ (p), or,

d L2

i=0

1o 3% Ky
= pio log (_j + [T+ Y0550] 0 + [T+ ygr] o [1+750] HO)
= polog (=5 + [+ 70541]”" + [T+ 7150]™ -+ [1+7550]7)

Solving forg; we get [6.8).

In fact there are several ways in whid¢h (6.8) can be formdlate generak;
can be expressed as a functions@f. . . ¢;_1, Yo j+1--- V)41 andyo; ... Yic14;
0 < i < j. By choosing = 1 we get the simplest form in_(8.8).

2. This is clear from the definition of conversion ratio vecto

3. This is obviously becausgis a function of, <; . .. ;_; as stated by (618).
o) (j+1) o
EquatingZ;’ (i) andZy " (), 0 < i < j, we get,

polog (1 — i+ [T+, + [T+ 7] oo 4 [T+
= po log (—j + [1 + 70,]‘—&—1]% + [1 + 717j+1j|g1 ot [1 + 7j7j+1}§j)

Solving forg; we get,

log (1 + (=) + Yo [+ )™ — S0l + %J'H}%)
log(l + ’Yj,j+1)

Since it can be only a positive real number, tHen](6.9) musiaisfied forg; to
exist.

]
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6.2.1.1 Findingu

u exists only if¢ exists. There are several way to fipd One way to findu is by
finding ¢ first. ¢ can be calculated using (6.8). We can then use,

M—-1

M-1
Yon=py =1 (6.11)
1=0 =0

to get,
1
Mo = —ar—1 (6.12)
’ Zi]\io g
Thenu can simply be calculated using,
K = [0S (6.13)

6.3 Average Mutual Information and
Outage Probability

When links between nodes experience fadifg, becomes a random variable. It is
function of random variables; ;, wherei,j € {0,1... M} andi < j. In that case,
average mutual informatiorZ{;) and outage probabilityR,,) are of greater interest.
To evaluateZ,; andP,; we need to work oufr,,, cdf for Z,,.

To find Fz,,, we follow techniques similar to those used in Secfion 8.3Ne
start by finding cdf for the minimum of sequences of randoneddes. Given random
variablesX, X5 ... Xy, Z = min(X;, Xy ... X)) has cdf,

M
Fr()=1-TI[1 - Fx2)] (6.14)
=1
which implies that
M
Fry (r,)=1-]] [1 - fléj)(T,r)] (6.15)
7j=1
F e is the cdf forz{’). To derive,, we find it useful to rewrite({E15) in the form,

7j—1
TV = 15 log <1 +) 5J> . (6.16)

1=0

where
Zi 2 (1 47,)7 — 1. (6.17)
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i,j €{0,1...M}andi < j

Next we consideE, ;. Sincey; ; is exponentially distributed with cdf,

x

1—e¢ T, ifz>0,

Fiy (T) = (6.18)
0, if v <O0.
thenZ, ; is Weibull distributed with cdf and pdf respectively givey b
|:(m+1);(i)—1:|
Fz,,()=q 1—e T, forz>0, (6.19)
0, forz < 0.
and,
0
I (G2 71}
fo, (@) =4 £2@+1) 7 e W, fora>0, (6.20)
0, forz < 0.
obtainable by applying Lemnia3.6.
Now defineQ? £ S™77'=, . Then for independent channels, we have the fol-

lowing cdf for Q),

7,. 0 i '] 1
Q(J) / / / H f_m» (Il) dl’jfl s dl’ldl’g. (621)

=0

supported ovet > 0.
Eventually, notice thaf!) = 7, log (1+ Q). It can be shown that,
Fr0(2) = Faw (25 - 1) (6.22)

which reveals,

r o s i—2
270 -1 270 —1-zp 970 —1-YI "2 x,
fIm(TJ’):/ / /
0
0 0 0
J—

f~. (.I’Z> dl’j_l tee dIldl'().

(=T

1=0

(6.23)

supported over > 0.

Finally, 7z,, is found by substituting ), F_c) ... Fan in (6.15). fz,, can be
0 0 0
found by differentiating?z,, .
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Ty can be calculated using,

Tor (7) = /0 "tz (7o) da (6.24)
On the other hand?,, is found using,

Py (T, R) = Fr,, (T, R) . (6.25)
Both (6.24) and(6.25) have no closed-form and can only bé déhlinumerically.

6.4 Optimal Routing

When there is a number of relays available to aid transmidsétween a source and
destination nodes, different channels can be formed bgréifit subsets of the set of
available relays. We refer to each of these channels as a.rduto characteristics
distinguish one route from another:-

1. The set of relays taking part in transmission.
2. The order of relays taking part in transmission.

Arelay is considered as a member of a route only if it is alieddaime for transmission
greater than 0.
Similar to Chaptell4, we seek the optimal routing strategy to,

1. Maximize mutual information.
2. Minimize total time for a given minimum rate.

From Chapterl4 we know that there is duality between these taldgms. Solving one
implies the solution for the other. Therefore, we focus aa tieximization problem
and later generalize to time minimization problem. We aim to

1. find the optimal route, that is, to find a set of relays chdsam the set of avail-
able relays and arrange them in a particular order for tressom; and

2. find the optimal time allocation for the chosen route,

so that no other route with any time allocation is able to eshihigher mutual infor-
mation.
6.4.1 Optimum Time Allocation for

The Unsuppressed Relay Channel

We start by considering the optimal time allocation for asuppressed relay channel.
Focus is on unsuppressed routes only, since a suppressedanwunever be the optimal
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route, as it will be shown later. This problem is a generdélirato the problem worked
out in Chaptef 4. Some of the lessons learned there are usedohiing the current
one. A mathematical expression for the problem is as follows

[ max Iy (1)

st. T0,...Tam—1 >0,

(6.26)

\ =0

Iy denotes the optimal value.

Solution to the maximization problem in Chagifér 4 relied omexity of Z3" ()
andIéz) (7). On the contrary, it can be shown that convexitm) () forj > 2
Is subject to channel conditions. However, a similar soluto that of the three-node
channel is obtained as stated in the following Lemma.

Lemma 6.3(Optimal Time Allocation for an unsuppressed Multi-Hop ReGhannel)
For an unsuppressed multi-hop relay channel, conversiantge the optimal time
allocation.

Proof. To prove this lemma we rely on the duality discussed in Setid. We will try

to allocate time optimally to minimize the total time and &sle mutual information
equal to some rat®&. If R can be chosen so that the minimum total time is equal to the
available time, then in that cageis the maximum mutual information.

We follow a recursive approach to find the optimal time altamato minimize
the total time while achieving a small rafé Aa similar method is used in [35] to
optimally allocate power for a sequential multi-hop relénaonel. Starting from node
1, the primary relay relies solely on direct transmissiomfriie source node to decode
the message. Thus time allocated to the source node musnfestough so that
decoding rate at the primary relay is no less tikafhat is to find minimun, so that
Iél) (1) = 7olog(1 + v0,1) > R. We thus get,

R

THh=—"—— 6.27
0 log(l + ’70,1) ( )

Relay node2, on the other hand, is unable to decode the message at théhiatis the
case in unsuppressed channels). It needs repeated traisniiesm the primary relay
in order to reliably decode the message. We thus allogase that decoding rate at
relay node2 is no less thark, or,

R

- T 10g<2% — 70,2) (6 28)
0 log(1 + 71.2) .

T1
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In a similar manner; is calculated using’*" () = R, 0 < j < M — 1. Thus time
allocated to nodg gives,

. gl j—1 I
g (145 +2% — L1 +90,0] )

_ 6.29
R log (1 + 1751 (629
The partial first derivative oIéj“) () with respect tar;, given by,
. 1 hy 91 1 .
izé]ﬂ) () = (1 +7j5+1) ™ log( f%uﬂ) >0, (6.30)

o (1 +’Yj,j+1)% —J
reveals thaZ\'*" () is always an increasing function of. Hence[(6.29) is the mini-
mum time needed by nodeto achieveR at the next node, node+ 1. Consequently,
total time in this case is the minimum time to achidve

R may be chosen small enough that the total time resulting frenabove proce-
dure is less than the available time. That is,

[y

.

<1 (6.31)

i
=)

%

If we gradually increas# and repeat the same allocation procedure we will eventually
reach a point wheré? can not be increased. That is wheén (6.31) is satisfied with
equality. Then we hav& = Z7/?. Since we have,

Iu(r) =2V (r) = ... T™ (7) = T (6.32)

then the conversion point is the optimal time allocation &ximize mutual informa-
tion. [

For a suppressed route it can be shown that the optimal tilneaéibn strategy
involves allocating) seconds to some relays. In other words, a new route which is
unsuppressed is created, to which time can be allocatedtasl $t Lemma_ 6]3.

6.4.2 Optimum Route

The optimal routing strategy can be found by a means of anustiva method. That
is to,

1. Find all possible routes.

2. Try to calculate; and henceu if ¢ exist, for each routeg and u exist only for
unsuppressed routes.
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3. Calculate maximum mutual information for each unsupg@ssute usingu
obtained above.

4. The best routing strategy is the one which achieve the maxi mutual infor-
mation from 3 above.

The main disadvantage of this exhaustive method, howexéhat it is practical only
when few relays are available. The total number of possialées,(, is given by,

Q=>_ (nﬁ—'k), (6.33)
k=0

wheren is the total number of available relay§ grows rapidly as: increases. For
n = 7 we have) = 13,700. If n increases td0 we have = 9,864,101. Next
we look into some of the relationships that exist betweenesuOur aim is to make
discovery of an optimal routing strategy more practicalm8mecessary definitions
are made next. With the aid of lemmas to come, a systematimalptoute discovery
procedure is to be proposed, finally.

When all possible routes between a pair of nodes are condideggeral routes
may have the same number of hops if more than one relay isahl@ilNext we define
a route based on the nodes taking part on transmission amatter rather than the
number of hops, as we did so far.

Definition 6.4 (Transmission RouteR). A transmission route is an ordered set of
nodes such that the first node plays the role of the source, rtbdelast node is a
destination node and other nodes relay source’s message@n o

For example, in the preceding sections we considered fBute (0,1...M)
where nodé) is the source node, nodé the destination node and nodeg ... M —1
are relay nodes.

We useR to denote the set of all possible routes between a pair ofsiouée
continue to refer to nodes in the route by their order of massion. When necessatry,
reference to nodes in the route is made using names giverd&snbthey are not in
a particular order yet, or when more than one route is formethé same nodes. For
example, we may refer to the two three-hop routes formed yuecs, a destination
and a pair of relays by5, Ry, R,, D) and(S, Ry, Ry, D).

Definition 6.5 (Sub-Routefi(i, j)). With regard to routér, sub-routefi(i, j) is the
transmission route that has nodas a source node, nodeas a destination node and
nodesi + 1,i+2...5 — 1 as relaysy, j € [0, M].

For example, given rout® = (0,1,2,3,4), R(1,3) = (1,2, 3). Notice that for
routeR = (0,1... M), R =R(0, M). That is, any route is a sub-route of itself.
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Definition 6.6 (Leading Sub-RouteR(j)). With regard to routeR, the leading sub-
routefR(y) is the the sub-rout& (0, j).

The smallest leading sub-route of rogids 9:(0), which contains only the source
node.

Lemma 6.4 (Properties of Leading Sub-Routeteading sub-routes have the follow-
ing properties with regard to their parent route:-

1. Ifitexistsg;, ¢ < j — 1; for a leading sub-routér(j) is the same as that for the
parent route.

2. Maximum mutual information achievable by a route is lésstor equal to that
achievable by any of its leading sub-routes.

Proof. 1. From [6.8)g; is dependentony, ...,y and~y, ..., i < j. The pres-
ence of nodeg + 1,... M in the parent route has no effect gn

2. Consider a//-hop routeéR, M > 1. Mutual information forR is given by [(6.1).
Mutual information for any leading sub-rou#&(;), j < M, is given by,

Z,(r)= min I (7) (6.34)

ke{1,2,....5}
WhereIék) is given by [6.5). That can be substituted[in [6.1) to get,

min I(()k) (7) }

Ty (T) = min {Iﬂ' (7) " k=j+1,.,.M

<T(r). (6.35)

]

Definition 6.7 (Child Route,R°"(H)). With regard to routeR, child route R"(H) is
another route which has the same source, the same destiramttbsame relays &%;
but with some of the relays removdd.is the set of removed relays.

In general, maximum mutual information achievable by aeddliffers from that
achievable by any of its children. An exception occurs if wvanore relays have the
same set of SNR to other nodes. Removing one of them from tlie does not affect
mutual information. We assert that if two routes achievetiagimum possible mutual
information, then both are optimum routes. However, if ohthe optimum routes is a
child of the other, then we consider the child route to berogli The following lemma
is useful in reducing candidate routes for optimal routing.

Lemma 6.5(Feasible Routes)The optimal route can only be unsuppressed.
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Proof. We prove this lemma by showing that for each suppressed toeite is a child
route which is unsuppressed and achieves higher mutuaimiatmn than the parent
route.

Take suppressed roufg. ¢ for this route does not exist and hence there is no
conversion point. Without loss of generality assume that; does not exist while
allg;, 7 =0,1...M — 2, exist. In light of Lemma 612, that means conditién {6.9) is
violated fori = j = M — 1. Hence we have,

M—

M

M-2
[1+ 1] ™ = ( [T+ v — (M= 1) (6.36)
k=0 k=0

Rearranging and manipulating the above inequality, we get,

M-2 M-2
o log (Z [+ ye01] ™ = M) < piolog (Z [+ 7] ™ = M) (6.37)

k=0 k=0

The left hand side of the above inequality is the maximumeaable mutual infor-
mation byR(M — 1), which is a leading sub-route 8%. The right hand side is the
mutual information achievable BR"({ M — 1}) using some arbitrary time allocation.
RN({M — 1}) is a child ofR formed by removing nodé/ — 1. From Lemma6}4 we
know that maximum mutual information achievable by a legdinb-route is greater
than that achievable by the parent route. Combined Wwith {6tB& means maximum
mutual information achievable i} is indeed less than or equal to the maximum mu-
tual information achievable bfg({M — 1}). Consequently, the suppressed rofite
can not be the optimum route.

To generalize, given any/-hop routeh, if ¢;, 1 < j < M —1; does not exist, then
it can be shown that the maximum mutual information achikvai sub-routéi(j+1)
is equal to or less than that achievable by the same sub-aftateremoving nodg.
That also implies that the maximum mutual information achie by®s is less than or
equal to that of the child rout®({;}). Consequently, we may end up removing more
than one relay fronR so that the child route formed is an unsuppressed route &nd th
maximum mutual information achievable BYis equal to or less than that achievable
by the newly formed child route. We thus conclude that a segged route can not be
the optimal route. O

The implication of Lemma 615 is that we can restrict our seaocunsuppressed
routes without loss of optimality. That greatly reducesdbkarch space. Our strategy
now is twofold. We will devise a technique to construct anuppessed route from a
given set of relays, if that is possible. On the other handirwéo recognize as many
suppressed routes as possible so that they are eliminatedte set of feasible routes.
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6.4.2.1 Constructing an Unsuppressed Route

Lemma 6.6 (Recursively Constructing an Unsuppressed Roug#yen a source node
S, a destination nod® and set of relay§R;, Ry, ... Ry}, an unsuppressed route,
(0,1,...N + 1), may only be formed by a means of recursive procedure. Sgarti
form S, the next relay in route is chosen from the set of unallocagtays, R, based
on the sub-route constructed so far. Given the unsuppresgbeouteR(q — 1),
qg=1,2,...N;nodeq in route is the one to solve the following maximization prahle

Q

-1
P — < max 1+ YeRr,]™ (6.38)
Rielk 120

Procedure terminates unsuccessfully if,

[}
-

5
_

[1+3mq" < > [1+70]" (6.39)
0

x
f
i

0

Proof. An unsuppressed route must have a conversion point. Thatresgexistence
of . From Lemmad 6J2, we can see that existence, ¢associated with nodg) relies
oN<o,s1,...S4—1. That surely implies that relays can only be allocated oreetahe,
starting from the primary relay.

Likewise existence of .., a = 1,... N — ¢, relies orx,. To satisfy [6.9) we must
have,

q—1 qg+a—1
[1+r]™ — g > Z [1+r,]™ = (g +a). (6.40)
k=0 k=0
whereR;, R; € R. That yields,
q—1 g+a—1

B
Il

0 k=0

> [1+r,]™ (6.41)

where (1) is correct sincgijjl [1+vr,]™ > a. HenceR; must satisfy[(6.38) if
other relays iR are to follow in route.

Condition [6.9) must also be satisfied at the destinationt iBha

i—1

S [+ ma]™=i> > [L+o/* — (N+1) (6.42)
k=0

k=0
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fori =1,2...N. This condition is broken if,

i—1

N
(14 yeq]™ < Z + 0] — (N —i+1)
k=0

O

9 -1
k=

—~
~

o

where (2) is correct sincgff:i[l + %,Rj}g’“ > N — i+ 1. Hence for the route to be
unsuppressed (6.89) must not occur. O

Corollary 6.1 (Consequences of Lemrhak.8)s a result of Lemmia 8.6,

1. To form an unsuppressed route, the primary relay must tlaeédest channel
from the source node compared to other relays and the degtima

2. Direct transmission is optimal if the destination nodes llae best channel from
the source.

3. A given set of relays can form no more than one unsuppressésl
4. A given set of relays is not always capable of forming an ppsssed route.

Proof. 1. To assign the primary relay we need to solve (6.38) with1. That is,

P {max ViR (6.44)

R;€R

This part of the corollary can also be proved independenteshina[6.6. As
a result of Lemma 612, fog;, j = 1,2... M, to exist inequality[(6]9) must be
satisfied. Take = 1, we then have,

j—1
You > Y [1+70)% —
=0
1) S
=05+ Y [T+ —j+1
=1

2)
= 0,5 (6.45)

where (1) and (2) are true becauge= 1 and> 7} [1 + v,1]% — 7 +1 > 0,
respectively.

2. By settingg = 1 in (€.39) that construction of the unsuppressed channslifai

Yo,1 < Yo, (6.46)
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9r Total Number of Routes ]
Number of Infeasible Routgs
8r Number of Feasible Route$s

Number of Route$x 10°)
[6x}

7 8 9 10
Number of Relays

Figure 6.4: The number of candidate routes is reduced significantly by application of
[ in Corollary(6.1

In other words, there must be at least one relay with a chdnorl the source
node better than that from the source to the destinatiomatdhis relay can be
assigned a primary relay role.

3. The recursive procedure proposed in Lemma 6.6 result®iénamd only one
route.

4. Building an unsuppressed channel succeeds orly ifl(6s3®tiencountered as
each of the relays iR is being allocated.

]

Number 1 in the above corollary is particularly importarts importance can be
appreciated through an example. AssuRie...Rs are the available relays to help
transmission from a source nofléo a destination nodB. 75 p is SNR fromS to D.
Further, assume that SNR from the source node to relays listeatys g, > ysr, >
YsRs > YsRre > Ysrse If Rg, for example, is chosen to be the primary relay; tRen
and R, can not be part of the route if we are trying to form an unsugged route. Any
route which hag; as a primary relay is a suppressed route if it incluBlesr R;. As a
result, the number of feasible routes considered is redfroed16 according to[(6.33)
to 9. In general, if the primary relay is always appointed acogdo 1 in Corollary
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6.7, the number of routes considered is given by,

—_

n— 7 .
!

= (k)

Q=1+

(6.47)

Y

Figure6.4 compares the total number of routes as giveh B@)@nd the total number
of routes after applying 1 in Corollaty 6.1 in selecting therary relay. We notice that
application of the lemma significantly reduces the numberaoididate routes.

6.4.2.2 Procedure to Find The Optimum Route

We are in a position to propose a procedure to find the optinawting strategy.

We assume that there is a source nédeghich is willing to communicate with
a destination nod®. There is a set of relay&R;, R, ... Ry} available to help. The
following procedure can be followed to find the optimum ragtstrategy.

1. We construct a lisR, which contains all eligible primary relays and the desti-
nation. According to 2 in Lemmia_8.6, eligible primary relay® those which
have signals from the source node better than that from theesmode to the
destination.

2. From the list formed ]l above, each relay is selected tmdée the primary
relay.

3. Make a list of eligible secondary relays based on the ahpsenary relay. Ac-
cording to 1 in Corollary 6]1, these are relays with SNR from sburce which
IS not better than the primary relay.

4. Find all combinations of secondary relays.

5. For each combination of secondary relays try to consameinsuppressed route
following the procedure proposed by Lemmal 6.6.

6. For each unsuppressed route successfully creatéd ird%;, éind p.
7. Calculate mutual information for each unsuppressed mmnstructed ial5 above.
8. Repeat stefs[8-7 for each primary relay in the list.

9. Compare mutual information calculated each timé in 7, tishk the best route.

6.4.3 Optimal Routing to Minimize Total Transmission Time

The two-hop relay channel studied in Chapter 3 and Chapter 4speaial case of
the M-hop channel studied in this chapter. Results presenteadsetbhapters can be
obtained here withi/ = 2. Consequently, we assume this extendibility applies to the
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| S, D, {R,R, .. .Ry}

!

| R, = {Rx :ysgr, > s}
v

For eachR; € R,

| R; is the primary relay

!

Rg) = {R; : R; is an eligible secondary
relay for primary relayR; }

!

Find allU C R

| Try to construct an unsuppressed route

Unsuppressed
route built successfully

Finds andp

CalculateZ]™* = Ty, (p)

|

Compare mutual information
and choose optimum route

Figure 6.5: Flowchart explaining the optimum route selection procedure.
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duality between optimization problems discussed eaisithus we take it as granted
and seek no further proof.

In this section we seek the optimal routing strategy to minéntotal transmission
time while achieving minimum mutual informatiaR. Taking advantage of the dual-
ity between optimization problems for the channel, we itfett the optimal route to
maximize mutual information is also optimal for minimizingtal transmission time.
Further, optimal time allocation in the minimization prebil is the conversion point on
the operation lin&_, 7, = ¢™", i.e., p(c™").

Accordingly, the same techniques devised in previous aestcan be applied
equally to find the optimum route and. To find the optimal time allocation, recall
that,

M(Cmin) — Cminu. (6.48)
which yields, _
] min
(min — “0(:0 ), (6.49)

70 = po(c™") is the minimum time to allocate to the source node to achiew the
primary relay. Thus
min) — R )
10g(1 + ’70,1)
This readily implies a solution to the mutual informationxamaization over oper-
ation line), 7, = c.

ol (6.50)

6.4.4 Routing in The Physical Layer Versus
Routing in The Network Layer

Conventionally, routing is seen as a network layer task. éwidely used cellular
systems and alike, routing is taken care of by the wired platte system. Wireless
links connect base stations to end users, which are alwaygjke-$op kind of links.
The same routing protocols used for wired networks are oaintg to work success-
fully in these networks/[8]. With the emergence of other typé¢ wireless networks
which utilize multi-hop links, it was necessary to modifyisting routing protocols [8],
or devise new ones_[75], taking into consideration aspetctsansmission over the
wireless medium and aspects of these new emerging netwdmkgarticular, issues
like fading, randomness in nodes’ locations, non-existencpartial existence of in-
frastructure and rapid changes in topology due to nodesilityoimust be considered.
Simulations showed that traditional routing protocolseaserious issues when applied
to MANET [75].

In the thesis we considered routing in the physical layeravganot novel in that as
itwas also considered by [35] and explicitly by [53]. Witletemergence of cooperative
techniques, it may be more appropriate to take cross-lg@oaches when designing
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OPhysical layer relay.

O
O @) /O\ @N\etwork layer router.
/N 50 O,
SQ\ 7 >@ >OD
O O

——> Route seen by physical layer.
——> Route seen by network layer.

Figure 6.6: Example showing how relays and network routers can jointly establish a
route from a source to a destination. From the network point of view there
are only two links; one from the source to the router and another one from
the router to the destination. The physical layer views it differently. Two
multi-hop channels are made in the physical layer; one from the source
node to the router and another from the router to the destination. Thus the
router is sometimes considered as a destination and sometimes as a source
node as viewed in the physical layer.

a system([4[7]. Cooperative routing considered in the thessgie advantage of being
maintainable. Cooperative transmission eliminates oraesldihe number of single
points of failure, a challenge to traditional network layeuting. Consequently, that
leads to increased reliability and reduced overhead traffded to establish a new
route every time nodes leave the network or change theititota

One factor which makes routing in the physical layer possibthe the broadcast
property of wireless transmission. Each node is virtuatlgreected to all other nodes
in the network without extra cost. Another factor is the ipibf receivers to combine
different signals to decode the transmitted message.

As routing in the network layer has its advantages too, angasither method is
subject to a considered scenario. In some cases it couldvamtageous to combine
both routing methods. Figuie 6.6 shows an example whereonktwuters and re-
lays can possibly be joined together to maintain a connedieiween a source and a
destination node. This way we reap advantages offered byraathod.

6.5 Examples

The purpose of this section is to clarify some of the resultSectiori 6.2 and Section

6.3.
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Figure 6.7: Example, two-hop relay channel.

6.5.1 Two-Hop Relay Channel

In this section we reproduce results stated in Chdpter 3 angt&iid using notation
devised for this chapter. In the three-hop relay channekatio Figure 6.7, nodé is

the source node, nodeis the destination node and nodes the relay node. Given
time allocation = (79, 71 ), mutual information between source and destination is,

T, (1) = min (zgw (), 7? (’7‘)) , bit/sec/Hz (6.51)

where,

I(()l) (1) = 10log (1 4+ v0,2)
(6.52)

I(()Q) (1) = 70 log (%,2 +[1+ 7172]5> .

According to Lemma6l2,, = 1. ¢; exists if inequality[(6.9) is correct for = 1
and: = 1. lL.e., if
Yo,1 > 70,2 (6.53)

If ¢ exists, then we may find the conversion point. Fifst,](6.8)sisd to find;,

log (1 + 70,1 — 7Y0,2)
G = ’ ’ 6.54
! log (1 + 7172) ( )

Theny is calculated usind (6.12),

Mo = ) (655)

146
Finally (6.13) is used to calculaje.

If channels are Rayleigh fading, we may find distribution aedsity function in
order to evaluate average mutual information and outageamitty. From [6.15) we
have,

Fr, (m,r)=1—|1—F (1)(7’,7’)] [1 — Foo(T,r)]. (6.56)

Iy I
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Y0,1
0@

Figure 6.8: Example, three-hop relay channel.

To find F7, itis thus necessary to finél ., and.F_«). From [6.28),
0 0

2%—1
fz(l) (7-7 T) = / on,l (ZE()) dl‘o
0 0

— Fz, (2% — 1)

[

=1—¢ Tor . (6.57)

and

T

270 —1 2%7140
]:152) (1,r) = / / f=,, (w0) fz, , (x1) dy dag
0 0

270 —1

= / fz,, (z0) Fz,,(27 — 1 — 20)dag
0

T 0

1 2%—1 ( (2% — x[]) " 1 Z0 )
- exp| — — dxg. 6.58
Tos Jo P Tis Iy, ) Lo (659)

F1, is then obtained by substituting,.) and.F_ ) in (6.58) which gives,
0 0

Fr(rr)=1—exp (= (s + 1) (20 - 1))

r r 70

r 10
T T 0
] _270-1 2701 (2T0—x0) —1 X
——ce Foyl/ exp| — — =% ) du,,
0 :

Lo

6.5.2 Three-Hop Relay Channel

In the three-hop relay channel shown in Figure 6.8, ribdehe source node, nodas
the destination node and nodeand?2 are relay nodes. Given = (1, 11, 72), mutual
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information between source and destination is given by,
7y (r) = min (7" (1), 7 (1), 74" (1) ) , bitlsec/Hz (6.60)

where,
Iél) (1) =7olog (1 +0.2) »

I(()2) (1) = 1o log (70,2 +[1+ 71,2]%) ; (6.61)

737 () = 7 log (70,3 + [+ 705]7 + [1+ 727 — 1) :
We havey, = 1. ¢ exists if inequality[(6.9) is correct fgr= 1 andi = 1. l.e., if
Yo,1 > 70,2 (6.62)
¢ exists ifq; exists and[(619) is satisfied fgr= 1 andi = 1,2. That s,

Yoiu > Yos+[14+7s]" — 1, (6.63)
Yoo+ 1 +m2" =1 > s+ [14+7s]" — 1. (6.64)

Existence ofsc means there is a conversion point. We first fincdand ¢, using

(€6.8). We have,
~log (14701 — 70,2)

S 6.65
' log (1 + 71.2) (6.69)

and log (2 14 700)%)

0g(2+ 7,1 — 7,3 — L +73
. — : , ’ 6.66
? log (1 4+ 723) ( )
Theny is calculated usind (6.12),
1

= — 6.67
Ho 146+ ( )

Finally (6.13) is used to calculaje.

If channels are Rayleigh fading, we may find distribution aedgity function in
order to evaluate average mutual information and outagegtibty. From [6.15) we
have,

IO

Fr, (t,r)=1— [1 — .7-"15’1)(7', 7")] [1 — fzé2>(7', 7")] [1 — Foo (T, 7")] (6.68)

To find Fz, it is thus necessary to finHI(l), FLe and}'Z@). FLa ande(Q) are same
0 0 0 0 0
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as in [6.5V) and (6.58). From (6123),

270 —1 270 —1—x9 270 —1—xo—x1
Fyo (r1) = / / / B, (20) f, 5 (1) f, , () day day dzg
0 0 0

70

2% } Py = 71
_[ S Y S <27" - xo) -1
=1—e Tos ——/ exp(— _ )dxo
3

F0 3 Fl 3 F0,

2To 1 2701 —zo o
/ / m1+1) K
F03F1371

<270—$0—LU1) 2—1 (l’ +1)7— -1

1 1 Zo
ex — dz,dxg.
p( Tss T r0,3> 1

(6.69)

270 -1 270 —1—ap N
/ fgo’g (1‘0) f51,3 ($1) ‘/—‘.52’3 (2T0 —1-— Ty — Zlfl)dl‘l dZL‘Q

Fz, is then obtained by substltutlrﬁzu o) and.F._ ) in (6.68).

6.6 Chapter Summary

In this chapter, results obtained in Chagter 3 and Chéapter geaveralized for relay
channels with any number of hops. Mutual information wag fowsconsider. Chan-
nel classification into suppressed and unsuppressed hasuwazhinto this chapter, in
addition to the concept of conversion point. In fading clelsnaverage mutual in-
formation and outage probability are worked out after eatahg the cdf. Optimum
routing strategy was also considered. Finally some exagie given for illustration
purposes.



Chapter 7

Conclusions

In this chapter, the thesis is summarized, contributioeshaghlighted and potential
future research is discussed.

7.1 Summary of The Thesis and Contributions

The thesis studied the D&F relay channel with half-duplerstmaint on the relay(s).
Relay channels are seen as a means to improve link reliabiitlyincrease through-
put through spatial diversity. Due to hardware restrictiom wireless devices, relay
nodes can only be operated on the half-duplex mode. D&F iredagver expandabil-
ity has advantages when compared with its rival, A&F. Néhwadss, both suffer from
inefficient utilization of spectrum resources due to theetgjon nature.

The thesis aimed at producing analytical results to quantiknnel performance,
taking into consideration time allocation. In the thesisitual information is regarded
as the primary performance measure for the AWGN channel.dicéise of Rayleigh
fading, average mutual information and outage probabdity considered. Further-
more, optimal time allocation is sought for optimal operati Results are always gen-
erated for the single relay two-hop channel and then gamedafor any number of
hops and a single relay per hop. A cooperating scheme wapmposed based on the
three-node relay channel.

Here follows a list of contributions,

o A fundamental contribution of the thesis is to evaluate ralinformation for the
D&F relay channel for any arbitrary time allocation and amyner of hops.

¢ Introduction of the conversion point concept and consetelessification of the
channel into suppressed and unsuppressed channels offexglavay to view
the channel and understand the way it behaves.

e The working out of the distribution functions of mutual infieation in Rayleigh
channels is an important tool to analyze the channel.



7.2. Future Work 140

e As aresult of obtaining distribution functions for the maitinformation, average
mutual information and outage probability are also evaldat

e A solution is given to two optimization problems for the chah Optimum time
allocation is found to maximize mutual information as wedlta minimize total
transmission time.

e Animportant duality is established between optimizaticolylems. It was shown
that solution to one problem implies the solution for theenth

e Taking advantage of solutions to optimization problemgfierthree-node chan-
nel and duality between optimization problems, it was gadedb generalize for
the problem of optimal routing. A useful procedure is dedise significantly
reduce the computational effort needed to find the optimaderovhen a large
number of relays is available.

e A two-user cooperative model was proposed based on the tlma® channel.

e Application of the two-user cooperative model to a testbedtiruser network
demonstrated the concept of user-cooperative commuoicaore importantly,
a framework is established addressing issues associatecdusgr cooperation
schemes such as partnership selection, fairness andipearioe analysis.

7.2 Future Work

Work presented in the thesis can be extended in severatidmec

e The thesis focused on producing analytical results. A mooectugh analysis is
needed to evaluate the feasibility of relaying in wirelessvorks, given the half-
duplex constraint. In particular, more simulation resalts needed to compare
the optimum scheme with direct transmission and equal tiloeation policies
to establish the conditions under which one of them can bectesl. Results
presented in the thesis are the tools needed to carry outgugh

e Throughout the thesis we assumed a naive power policy angéolcon time al-
location. Results produced are very useful for high SNR regimhere spectrum
Is scarce. On the other hand, systems with optimized treassom power, stud-
ied in many other works, are useful for low SNR regimes whers assumed
that unlimited spectrum is available. It is useful howewerconsider globally
optimized systems, that is, systems with optimized powdrtemne allocation.

e Results for Rayleigh fading channel are not in a closed-forfrthdse results
can be obtained in a closed-form, it can make them more pedctDtherwise,
approximation or upper/lower bound can be useful as well.
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e Optimization carried out in the thesis produced solutiamsie AWGN channel.
These results are also useful for Rayleigh fading channetseircase of CSIT.
It is also important to work out optimal or sub-optimal saus for Rayleigh
channels with only SCI at transmitters.

e Chaptefb isimportant in that it offers a framework to workhwitser-cooperative
systems. More useful cooperative schemes can be proposedx&mple, there
can be cooperating scenarios where some of the restriacbionartnership se-
lection are relaxed. Optimum power and time allocation dan kad to more
efficient cooperation.

¢ In complex communication systems such as the cooperatstersg studied in
the thesis, a cross-layer approach is necessary when ampthe system. Pro-
cedures and techniques followed in the physical layer gffedormance as mea-
sured from the data link layer or network layer perspectiver example, gain
from the cooperative scheme proposed in Chdgter 5 is somehmalistic un-
less overhead traffic introduced by partnership selectioog@ure is taken into
account. Moreover, the rate at which network topology cleardye to the node’s
mobility must be taken into account. Rapidly changing neksqroduce more
overhead traffic. Mobility is considered to be a network lagmperty where,
several mobility models are already proposed. Another @k@mvhich explains
the importance of cross-layer analysis is routing, as éxgthin Chaptell6.

e Although routing procedure proposed in Chapler 6 has sigmifig reduced ef-
forts to find the optimum route, it might not be the best. Moresstigation could
reveal an even cheaper one.

e All work on the relay channel contributes directly or inditly to the efforts for
finding capacity of the relay channel. Moreover, achieveisien the relay case
contribute to the theory of communication networks.



Appendix A

Second Derivative ofZy(7R)

In this appendix we see#?/dr3 Zy(7r) necessary to prove convexity @(7g) as
stated in Lemm@a4]1 in Section 4.2. The problem is to find,

d? d?

R
d_TF%IO (Tr) = d_ﬂ%(l — 7r) log (VS,D + [1+ R 0] 1’TR> : (A.1)

The following differentiation rules are used,

1

zlna”

1. %logax =

2. f—max =a”lna.

e First derivative,

d

R
d —(1 —7r)log (7570 + [1 +rp] HR)
R

R
1+ -7 log (1 + B
= (1 —7r) X 1+ 7r0) %R( ") _ log (75,0 + [1 4+ Yrp] HR)
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L+ 1-R R
=log (1 +rpD) | 'YR,D]i — log <’YS,D + [1 +9rp] 1’TR> :
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(A.2)
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e Second derivative,
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Appendix B

Derivation of E|d“]

The network simulated in Sectién 5.B8.2 is parameterizefiNy. SNR is a function of
E[d*] wherex is a constant representing the path loss exponend éd random vari-
able representing the distance between any two nodesslapbiendix we demonstrate
how to find E[d“] for a particular network. In general

o0

E[Zm]:/ 2" f7(2)dz, (B.1)

o0

wheref is the pdf for the random variablé.
On the other hand, the distance between any two nioaled; is

d= /(X=X + (Y =12

where ordered pairgX;, ;) and (Xj, Y;) mark the location of the nodes. If nodes are
randomly positioned, as they are here, thers a random variable with a distribu-
tion determined by the distribution of;, Y;, X; andY;. It is assumed in the simu-
lated network that nodeisandj are positioned according to a Gaussian distribution,
i.e., Xi, X, Y, Y; ~N(0,0?). Consequently(X; — X;) and(Y; — Y;) also have zero-
mean Gaussian distribution with variange’. As a resultd is Rayleigh distributed:
dNRayleigh(\/ﬁa). Applying the moment’s formula for Rayleigh distributed dam
variables found in[74],

E[d*] = (40)2T (1 +2) (B.2)

where,I'(.) is the Gamma function. See also Problem 8in [16] for a diffecase
where source nodes have a different distribution from th&i@destination nodes.



Appendix C

Derivation of F and f,

This appendix explains how to apply Lemmal 3.7 in order tafeandf,. We have ,
Q= ysp+ = (C.1)

where,ys p and= are independent random variables. cdf and pdfjéqgy are given by,

1— eiﬁ, if x>0,
Frso (@) = . (c2)
0, if z <0,
and
%67@, if x>0,
frop (@) =1 "°° _ (C.3)
0, if x <0,

respectively. Whereas cdf and pdf f6rare given by[(3.60) and (3.61), respectively.

C.1 Finding Fq
From [C.1) and Lemma 3.7 we have,

00 zZ—y
:/ / fs s p (2, y)dzdy
z—1 z— y
/ / £, (y)drdy
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supported ovefl, co).

C.2 Finding f,

Differentiating Fq, (z) with respect to: givesf, (z). We need Leibniz integral rule

d 92(t) /92(t) 8 dgz(y) dfh(y)

il f(x,y)de = —f(x,y)dx + f y) — £ ).

i (z,9) o oy @Y 1y L)y - = (gl(y() y))
C.5

When we have a double integral, Leibniz rule is applied twitle.thus have,

fo(2) = i}_&)

d / / frs 1 (y)dady

0 Y z—(z—1)
— /0 & {/ fz(x)fws,D(y)dx} dy + 1 x /1 f=(2)fy ,(z — 1)dz — 0
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0
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7s
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z—y)® exp| — — d C.8
Fs pl'rD TR (2 =) P ( TrD ['sp y (C.8)
forz > 1.
It is also possible to findl, using convolution,
fo(z) =f=x £,
[ G-ty (.9)
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