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Abstract

Cooperative wireless communication uses relays to enhaeasapacity and relia-
bility of data transmission. Adaptive transmission is tgdly used in conventional
non-cooperative communications to exploit the time-vagynature of the wireless
channel. In this thesis, we combine these two techniquesdiveider decode-and-
forward (DF) and amplify-and-forward (AF) relays. The we&ss environment is
modeled by using the Nakagami-distribution. The achievable channel capacity
with rate adaptive transmission is analytically derived D¢ and AF cooperative
networks. The performance of a DF cooperative network isyaad with a con-
stant power rate adaptive scheme consisting of a discreté sansmission modes.
The effect of decoding errors on DF cooperative networkssis analyzed. To this
end, a new heuristic approximation of the total receivedaligo-noise ratio at the
destination is developed. This approximation enables Isipgt accurate perfor-

mance analysis.
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Chapter 1

Introduction

1.1 Motivation

Consumer demand for low-cost, high-speed, high-qualityileawontent delivery
has fueled a phenomenal growth in the wireless communitatidustry during
the past few decades. New wireless technologies and stimbave emerged to
satisfy the ever-increasing demand for mobile and wiretessectivity. Novel
methods and improvements of existing techniques are agitynbeing developed
to squeeze in more information bits through the wirelessichi[1-3].

The wireless channel can rapidly fluctuate and presentsdafuoantal challenge
for reliable data communication. Transmit signals are ¢pelistorted by fading due
to multipath propagation and by shadowing due to large clestan the signal
path [4]. Diversity techniques can mitigate these distmdiand enhance the ca-
pacity and reliability of communication. Techniques sust©athogonal Frequency
Division Multiplexing (OFDM) uses frequency diversity [BJhereas Multiple In-
put Multiple Output (MIMO) [6] antenna systems uses spatiaérsity to achieve
high-capacity and reliable communication.

Adaptive transmission techniques can exploit the timeswgr nature of the
wireless channel. The key idea is to adjust communicatioamaters accord-
ing to the channel conditions. IEEE standards 802.11 andl80&hich are used
in wireless technologies such as WLAN, WIMAX and WAVE, use thésch-

niques for reliable, high-speed communication under neohild ad-hoc wireless



networks [7-9].

Moreover, subscriber handsets are increasingly beingamuirized. Diversity
techniques such as MIMO requiring the use of multiple araenare difficult to
implement on small handsets. As a result, the concepi@berative diversity[10]
has gained much attention as an alternative approach tangeartual multiple
antenna networks through the cooperation of multiple devi€&Extensive research
has been performed on using different protocols, netwqéltmies and techniques
for achieving cooperative diversity. However, the case ddpive transmission
with cooperative networks has been investigated only thcgrl—15]. Motivated
by these observations, this thesis focuses on the integraticooperative diversity

networks and rate adaptive transmission.

1.2 Cooperative Diversity

As mentioned before, a wireless communication channelhsrantly susceptible
to deep signal fades caused by the multipath propagatioadid frequency (RF)
signals. The constructive and destructive addition of ipath signals arriving at
the receiver results in rapid fluctuation of the receiveahaligThe typical bit error
performance of such a fading wireless link is inversely prtipnal to the total re-
ceived signal-to-noise ratio (SNR) [16]. The bit error rd&&R) in this case decays
slowly as the SNR is increased. Although the BER can be redibgedcreasing
the transmit signal power, this solution is inefficient angdtty. A better solution is
to use several independent wireless links between thentietes and the receiver.
This method results in a significant reduction in the BER sieeprobability of
simultaneous deep fades in multiple links is small. If therage BER performance
resulting in the use of independent (diverse) links is inversely proportionajtg
where~y is the received SNR, them (< L) is called thediversity order. The
system is said to achievell diversity order whenm = L. The technique of using
multiple links is commonly called diversity. Independeinks may be created in
time, frequency and space, leading to time diversity, fezqy diversity and spatial

diversity, respectively.



References [10,17] proposed cooperative diversity. A lmiperative network
(Fig. 1.1) consists of a source, relays or cooperative nadés destination. Source
transmission intended for a particular destination is logard by other devices due
to the broadcast nature of the channel. These devices ptayota of relaying
stations and forward the received signal to the destinafidre spatial separation
among the cooperative relays and the source creates rauitigependent links
between the source and the destination. In addition to ttierberror performance
resulting from diversity benefits, cooperation results ieager coverage and low
power consumption for the transmitting stations [18]. Theperation among a set
of distinct single antenna devices creates a virtual MIM@voek.

Although the concept of cooperative diversity appears teebent, relays have
always been used in many applications simply as a tool farehihg the reach
of a communication network. Relaying stations are commosédtin cellular net-
works [19-21], for example, to improve the quality of sigresteption at blind spots
in the network, to provide indoor coverage inside buildingeere the line-of-sight
or the scattered reception of RF signals is very low, and soTdre basic com-
munication channel involving a relaying station was iigianvestigated in [22]
where the capacity of a three-node network comprised of eceptelay and des-
tination was analyzed under additive white Gaussian n@i¥éGN). However, in
cooperative communication, the role of the relaying staalynamic and not fixed
as in [22], with users mutually helping each other in relgyiimformation when re-
quired. Also, cooperative communication deals with wisslehannels under fading
and shadowing where cooperation would allow diversity fienieApart from these
differences, many of the concepts used in the research pkcative networks were
first detailed in [22].

Relaying is pivotal in the operation of a cooperative netwdt&laying stations
can be user nodes or dedicated fixed terminals. When the uses nbthe network
serve as relays, those nodes must send both their own infomand that of other
nodes. To ensure efficient operation in such a situationJanba is required be-

tween sending the user nodes’ own data and the cooperatad2a$ 24]. On the



other hand, terminals serving as dedicated relays cangiioglis on assisting the
transmission of other nodes. Relays can operate as full xigplbalf duplex de-

pending on whether they transmit and receive signals atime sime [25]. The full

duplex operation is achieved through the use of two frequéaads for transmit-
ting and receiving (Frequency Division Duplexing, FDD),ialnis a viable option

for infrastructure-based dedicated relays [26]. For usetenrelays, half duplex
operation is more suitable where two time slots can be usethéoreception and
transmission (Time Division Duplexing, TDD).

Among the many protocols in the literature [10], two pronmhmethods of re-
laying information are (1) Amplify-and-Forward (AF) and Recode-and-Forward
(DF). In the AF method, Fig. 1.1 (a), the relay simply amps$ifend forwards the
received signal of the source towards the intended destmatio other processing
of the received signal is done at the relay. When the destimatses a suitable
algorithm such as maximal ratio combining (MRC) to combine divect signal
from the source and the relayed signals, full diversity aired. Even though the
simplicity of the AF scheme makes it an attractive methodamperation, direct
amplifying and forwarding signals require RF hardware. Hgenmicis type of relay-
ing may be more suited for infrastructure based relays, kivpbermanently serve as
relaying stations.

A DF relay, Fig. 1.1 (b), performs demodulation and detecbbthe received
signal and forwards a freshly encoded and modulated signlaétintended destina-
tion. This type of relaying can be implemented by using digsignal processing,
where provisions are available for storing the receiveda®signal before process-

ing and retransmission.

1.3 Adaptive Transmission

A traditional approach to combating fading is to set asidade fmargin or (in other
words) use higher transmission power so that the receivegl I®Rains, at a high
probability, above a certain threshold value. This appnaaat only reduces the

power efficiency, but also increases the interference teratbers sharing the same
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Figure 1.1: (a) Amplify-and-forward cooperative netwob§ Decode-and-Forward
cooperative network

wireless channel. The fade margins required for wireledsilmchannels can be as
high as 30 dB. These margins are undesirable for mobile notlesimvited battery
power.

Adaptive transmission [4] introduces a paradigm shift bgkssy to mitigate

or (in certain cases) exploit time variation of the receigghal strength. De-



pending on the requirements, the system can achieve gaeathetror rates, higher
throughput/spectral efficiency, reduced average trarssomgower, and other ben-
efits. Transmitter parameters such as transmission poveeiylation scheme, con-
stellation size, and coding techniques are adaptivelygédibased on the channel
conditions and user requirements. Thus, adaptation egthe transmitter to know
the instantaneous channel conditions. Although adaptaioot effective for fast-
fading channels, it is applicable for most slow-fading stérs in both narrowband
and wideband systems. Wideband systems (e.g., systemd tasspread spec-
trum or ultra-wideband technology) should also take messstar combat frequency
selective fading. Although the concept of adaptive trassmon goes back to the
1960s [27, 28], it was not technically feasible, and not mtetearch was done
on optimum adaptive schemes for wireless communicatioih thiet 1990s [29, 30]

. The keen interest in adaptive transmission may also bibw#td to the ever-
growing need to exploit more effectively the scarce spéotisources. As a result,
all standards for cellular systems (e.g., EGPRS, WCDMA), lvaad wireless net-
works (e.g., WIMAX), local area networks (IEEE 802.11 sexi@esnd so on utilize

some form of adaptive transmission [31-33].

Transmitter Wireless channel Receiver
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Figure 1.2: System model for an adaptive transmitter aneivec

An adaptive system (Fig. 1.2) is comprised of a transmipable of adjusting
transmission parameters, the communication channel fwhkitnfluenced by the

effects of multipath fading, shadowing and noise), a resretapable of demodu-



lation and detection under adaptation and estimation ofiroblastate information

(CSlI), and a reliable feedback path for sending CSI from theivecto the trans-

mitter. The rate of adaptation is constrained by the feeklbaerhead as well as the
time delay. Hence, adaptation is performed on a symbolybyesl basis, or more

practically, on a frame-by-frame basis. Thus, only the slading component can
be exploited/combated by adaptation [34]; immunity to fasling should be ob-

tained by having a fixed fade margin. This margin is signifilggsmaller than that

without adaptation, justifying the complexity of praciieaaptation schemes.

As mentioned before, adaptive systems seek to optimize ad@sion (e.g.,
average throughput, bit error rate (BER), delay, informabatage probability, and
others) by varying one or more transmission parametergdiogpto the CSI avail-
able at the transmitter. Consider Fig. 1.2, where a discieie thodel based on
symbol duratior{} is used. Symbols k] denote the source information bits arriv-
ing at the transmitter, which are coded and modulated/dsfor the k-th channel-
use. The wireless channel is modeled by the channel coeffiejg|, which may
include the effects of path loss, shadowing and multi-pathing. The additive
noise termn[k| is assumed to be Gaussian. The receiver estimates the tlecanne
efficient to beh[k] with a certain delay:. and an erroe. The estimate is used for
demodulation and detection of the received signal and sfald back reliably to
the transmitter, with another deldy. This information is used to adapt the trans-
mit power S[k], the transmission rat&[k] and/or the transmission coding scheme
C[k]. Further analysis of this model is found in [4, 35, 36]. Thed®lds accurate
when the total delayk. + k) is smaller than the coherence time of the wireless
channel.

In transmission rate adaptation, the transmitter adjustsvaries its data rate,
i.e., the number of information bits transmitted per unittiofie, to achieve the
required QoS. For instance, consider a scheme which adepteahsmission rate to
satisfy the QoS constraint of the maximum allowable BER. Admaitter based on
this scheme could use higher bit rates (i.e., higher nundidxiss in each symbol or

frame) when channel conditions are favorable, and lowesbes otherwise. Such a



scheme may be implementable in two ways: either by varyiegyfmbol duration

or by changing the constellation size (of the modulatioresod). The former is

not easily implementable as corresponding variation ostgeal bandwidth makes
effective bandwidth sharing more complicated [4]. Therefgractical systems
vary the constellation size.

Transmission power adaptation involves changing the ingrssgnal power ac-
cording to the CSIWater-filling in time andchannel inversionare two commonly
used techniques for power adaptation [4]. In the watengliechnique, originally
proposed in [35], more power is allocated to time instandesre/the channel is fa-
vorable with respect to a threshold level (the water lewdater-filling maximizes
the ergodic capacity, while accepting a certain probatiftoutage, but benefits of
water-filling can be reaped only by adapting the modulaticmesne accordingly.
On the other hand, channel inversion tries to maintain ateohseceived SNR by
inverting the effects of channel fading.

Channel coding is used to protect the information transohitgainst the detri-
ments of the wireless channels. Adaptive coding adjuststtieagth of the coding
scheme used according to the prevailing channel condjtstranger low rate codes
are used under bad channel conditions, and weaker higleetades are employed
under favorable conditions [4].

The adaptive techniques discussed so far can also be useshbir@tion to en-
hance their effectiveness. That is, multiple transmispamameters can be simulta-
neously varied to make the system adapt to the channel camglitReference [35]
presents an analysis of one such scheme, where the tramsnpssver and trans-
mission rate are varied simultaneously to maximize speetiiaiency while meet-

ing a BER constraint.

1.4 Contributions

The main focus of this thesis is the performance of DF codperaetworks with
rate adaptive transmission. The channel capacity, avd8B&&e probability of out-

age and average spectral efficiency are analyzed. The Disraseicompared with



those of AF cooperative networks.

First, the achievable channel capacity under rate adaptwesmission for a
DF cooperative network is derived. The capacity of a codperanetwork with
adaptive transmission was initially investigated in [1Reference [13] extends
the work of [11] to a multiple parallel cooperative relaywetk. We generalize
the work of [11, 13] by focusing on DF cooperation, and thesleiss environment
involved in the analysis is more generalized to Nakaganiading. This work was
presented at in the IEEE CCECE conference in May 2009 [37].

Next, a rate-adaptive scheme with a discrete set of trasgmisnodes using
M-ary quadrature amplitude modulation (M-QAM) is conseldr Two types of
rate adaptation schemes are analyzed: (1) rate adaptating fixed switching
thresholds and (2) rate adaptation using optimized switckiiresholds. The sys-
tem performance under both schemes is derived by usingassuich as the BER,
outage probability and average throughput. Here, we extemthe results of [15]
where an AF cooperative network was analyzed under the Rgwyfatding model,
to a DF cooperative network over Nakagamifading. The results of this work will
appear in the proceedings of the IEEE ICC conference heldnea 2009 [38].

Finally, the use of cooperative demodulation and coopearaliversity combin-
ing techniques for DF cooperative networks is investigafedeuristic approxima-
tion for the total received SNR at the destination is propgdse DF cooperation
under the cooperative MRC (C-MRC) scheme. The performance timdescheme
is derived. This work is submitted to the IEEE Transactiond\reless Commu-

nications and is currently under review [39].

1.5 Outline of thesis

This chapter briefly discussed cooperative networks aredadaptation. The con-
cepts of diversity, cooperative diversity, cooperativénmeks and adaptive trans-
mission were presented.

Chapter 2 presents the overall system and channel modelshusedhout the

thesis. The theoretical achievable channel capacity teradaptive transmission



and cooperative networks is found. Both DF and AF cooperatetvorks are
considered.

In Chapter 3, the performance of a cooperative DF relay né&tigonvestigated
under adaptive M-QAM. Rate adaptive transmission is acki#twe@ugh the use of a
discrete set of M-QAM constellations. Two types of rate ddapn are considered:
one using fixed switching levels and the other using optithigeitching levels.
Outage probability, mode selection probability, averag&kB&nd average spectral
efficiency are used in the evaluation of the system perfooman

Cooperative diversity combining, demodulation and debdectechniques are
discussed in Chapter 4. The effect of decoding errors at thgs®n the over-
all system performance is investigated. The cooperativersity combining tech-
nique of C-MRC is used for this purpose with discrete rate adaptansmission.
A heuristic approximation for the total received SNR is ugethe performance
analysis.

Finally, Chapter 5 presents our conclusions and suggests potential future

research initiatives resulting from this work.
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Chapter 2

Capacity of a Cooperative Network
under Rate Adaptive Transmission

2.1 Introduction

Rate adaptive transmission exploits the variation of thenobhgain to vary the
transmission rate while cooperative diversity uses retaysnhance the wireless
network performance. In this chapter, we analyze a wiredgstem which incorpo-
rates both of these technigdes

The theoretical limits of the capacity of DF cooperativewaks under rate
adaptive transmission is investigated. For the simpliaftthe analysis, we assume
error-free symbol decoding at the cooperative relays. Hsalts are also com-
pared to those of a comparable AF cooperative network. Argéngreless channel
model, Nakagamir fading, is used to model the wireless environment under both
independent and identically distributed (i.i.d.) and newk fading conditions.

The rest of the chapter is organized as follows. Section @s2ribes the wire-
less channel model used in the analysis. The system moddie AF and DF
cooperative networks are detailed in Section 2.3. The madlieal derivations of
the channel capacity are detailed in Section 2.4. Fina#gtiSn 2.5 discusses the

simulation and numerical results.

A version of this chapter has been presented at the IEEE @an@dnference on Electrical and
Computer Engineering (CCECE) 2009 held in St. John’s, Newditand, Canada [37].

11



2.2 Wireless Channel Model

Throughout this thesis, the wireless multipath fading envinent between any two
wireless nodes is modeled by using the Nakaganf&ding model [40]. This model

is flexible enough to describe various fading environmentshie correct choice
of its parameters and can model a wide range of fading camditranging from
line-of-sight to non-line-of-sight, Rayleigh fading, andessided Gaussian fading.
Importantly, the Nakagami» fading model provides a good match for urban and
indoor multipath propagation [41,42]. With this model, 8rerelope of the received
signala is described by the probability density function (PDF) [43]

2m™ma?m1 ma?
- — - > > 0. .
fola@) QT (1) exp ( ) a>0, m=>05, (2.1)

wherem is the shape parameter, afidis the average power of the received en-
velope. The phase of the received signal is assumed to be uniformly distrithute
over|0, 2x]. For ideal coherent phase detection, the receiver comfeefesip, and
only the envelope fading distribution (2.1) is required doir analysis. The result-
ing SNR~ is Gamma distributed with shape parameteand scale parameteym

, with the PDF [43]

() = % exp (—g) v>0, (2.2)
where? is the average received SNR which is equali®, /Ny, E; is the transmit
symbol energy, andV; is the one-sided power spectral density of AWGN.

The delay spread and the Doppler spread of the wireless ehkamngely deter-
mine its dynamic and varying nature. The delay spread givedime dispersion
of the signals arriving from different paths. The rate ataiihe wireless channel
changes is determined by the Doppler spread, which is gedeoy the relative
motion between the transmitter and the receiver. We assuaéte wireless chan-
nel varies slowly and that flat fading occurs; i.e., that takag spread and Doppler
spread are low [44]. Under this assumption, the wirelessmélechanges at a rate
much slower than the symbol rate of transmission [34]. Fogxample, a Doppler
spread o220 Hz and a symbol rate af x 10° per second make the channel remain

stable over severdbh, 000 symbol intervals.

12



Source Destination

Figure 2.1: Relay network with adaptive transmission.
2.3 System model of Cooperative Network

The system model of the cooperative network formed by a goundeS, destina-
tion nodeD and cooperative relay nodés , i € {1,2,..., N} is illustrated in Fig.
2.1. The signal transmission from the source to the degtimét assisted byv > 1
cooperating parallel relays. The transmission occurs mghases. During the first
phase, the source broadcasts its message to the destiantdaheN relays. In
the second phase, each of the relays either amplifies an@rfdsvor decodes and
forwards (depending on whether AF or DF relays are used)igmakreceived in
the first phase. Each relay requires an orthogonal chanriehw@rd its informa-
tion to the destination where maximal ratio combining (MRQ)s&d for diversity
combining of the received signals.

The channel coefficients betweénhand.S, D andR; andR; and.S are denoted
ashs, h; 4, andh, 4 with shape parameters, ;, m;  andm, 4, respectively. The

corresponding received instantaneous SNR are given as= |hsi|*¥s.i, Via =

13



\hi.al*¥ia @andysa = |hsa|*¥s.qa. Bothii.d. and non-i.i.d. fading environments are
considered in the subsequent analysis under AF and DF catogerelay networks.

2.3.1 AF Cooperative Network

As mentioned before, in an AF relay the signals are ampliffretisent to the desti-
nation. The signals received at the destination and attheelay from the source

transmission are then given as follows:

Tsd = hsaV/ Es® 4+ ngq and (2.3)
rs,i:hs,i\/Esx—i_ns,ia i:1727"'7N7 (24)

wherez is the transmit symbol with unit energy, and,; andn,; are the AWGN
terms at the destination and at thth relay. These terms are modeled as AWGN
with one-sided power spectral density/g§. The received signal at the destination

from thei-th relay is
Ti,d = GZ h@d?“s’i—Fni’d s L = 1,2,...,N, (25)

wheren; 4 is the noise addition at the destination, aidis thei™ relay amplifier
gain, chosen as7? = E,/(E,|h,;|* + Ny) [10]. The total received SNR at the
destination through MRC is easily found as [10]
N

Yot = Ys,d + ; % . (2.6)
The performance analysis of the AF network requires the PiDRectotal received
SNR~ for Nakagamim fading. The exact PDF is complicated and difficult to use
in subsequent performance analysis. Henggjs approximated by using a fairly

accurate upper boung,, as [45, 46]

N
Yot < Vs,d Z Yi = VYub (2.7)

=1
wherey; = min(vs;,viq). This upper bound is known to be accurate and has

been used extensively in the analysis of AF relays [12—-1544b The PDFs of
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the upper bound of the received SNR for i.i.d. and non-i.Ndkagamim fading

environments are derived in the Appendix.

2.3.2 DF Cooperative Network

The first phase here is identical to that of the AF cooperatigsvork, and the
received signals are again described by Egs. (2.3) and BaWever, during the
second phase, each relay forwards a signal which is derinad flecoding the
original signal received from the source. The receivedaig the destination

during this phase is then given as
r,-7d:hi,dvE5£+ni,d, 2'21,2,...,]\7, (28)

where z is the decoded and modulated symbolzof An adaptive DF relaying
scheme similar to [10, 48, 49] is used in the model of the DFpeoative network.

In this model, it is assumed that a DF relay is able to acclyrdexode the received
signal from the source, without outage, only if the instaetaus received SNR is
above a particular threshold valye; i.e.,v,; > ~yr. 7yr corresponds to the target
information rate ofR below which outage occurs. This correspondence implies
thaty, = 2%+ — 1 according to Shannon’s channel capacity bound. For the
simplicity of analysis, error-free decoding of the receiggnal is assumed at the

relays. This assumption is, however, relaxed in Chapter 4.

Identically Distributed Fading Environment

Here, all channels between all nodes are Nakagarfading with identical fading
parameters (i.em,, = ms; = m;4 = m) and the same average received SNR
(s.a = Vs = Yia = 7). This case may arise when the source, destination and the
relays are physically located at equal distances from etr.o

Under the adaptive DF scheme, the number of relays forwgittimsource mes-
sage to the destination is a binomial random variadblevhereY = {0, 1,..., N}.
The probability that, relays forward the received signal to the destination igmiv

as

Pr(Y = ) = (V) {rwzw]y {v(mf”?)} o 2.9



wherel'(a, ) = [t e tdt,y(a,x) = [}t et dt,andl(a) = (a—1)!, a €
Z*. The MRC at the destination gives the total received SNRas

y+1

Yot = D Vs (2.10)
j=1

where~; are Gamma random variables with shape parameter m and scale

parametep = % The moment generating function (MGF) @, is derived as
y+1

M“ftot(‘s ly) =11 M'Yj (s) = (1 + %5) oy ) (2.11)
=1

where the MGF of random variabl€ is defined as\fy (s) = E{e ¥} , E{:}
denotes the statistical average over the random varialble.L&place inversion of
(2.11) gives the PDF ofio conditional onY” as

Q\B

(2.12)

m(y+1) m(y+1)—1 _
L
) (m(y D)1

Jra(7 1Y) = (%

By using the theorem of total probability and Egs. (2.9) andZ}®, the uncondi-

tional PDF of the total received SN, can be written as

N m m(7‘+1) m(i+1)—1 —m~ /5 (N r m,’mi/T ‘ o m,m N
f%ot(’}/) = ZO <$> m e~ ™/7 ( ) ) ( F(m’; ) ( F(m’; ) .
(2.13)

Non Identically Distributed Fading Environment

The channel gains are now modeled by using different Nakagawfistributions.
This case may arise when the distances between differemisraré unequal, and
signal scatterers may be unevenly distributed spatialgndé, the total number of
relays forwarding the source message to the destinatiorarsckom variable having
a generalized binomial distribution with distinct proldapiof success; for each
relay (This distribution is a generalization of (2.9)).

The system is best described by using a vector of indicatmlaim variabled,

as
bk:(bNabelw~-;bi7~~-7b27b1)7 /{720,17,2]\[—1
(2.14)
with &k = 2N71b]\[ + 2N72bN_1 + ...+ 2by + bl,
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whereb;’s are random variables taking valuesr 0 to indicate whether or not the
i-th relay is forwarding the source message to the destmatto(b; = 1) = p;
andPr(b; = 0) = 1 — p; wherep; is the probability that the received SNR 7at

is greater than. If one complete cycle of cooperation in the network is define
as a state of the network, then the DF relays operating intecpkar statet can be
represented by using tieth value of the random vectdr,. There are different
states. The probability of observing a combination of DRaysldescribed b, is

given as
N
Pr(by) = [] pyi(1 —p:;) =% (2.15)
=1

The number of DF relays forwarding a source signal to theimson isN (b,,).
N
N(by) = >_b;. (2.16)
i=1

These relayed signals and the direct source-transmittgdhisare received at
the destination. They are combined by using MRC, so that tla¢ teteived SNR

Vot IS
N

Yot = Vs,d T Z biYid - (2.17)

i=1
The probabilityp; = Pr(b; = 1) = Pr(y,; > ~r) can be calculated by using the
PDF of~,, as

M s
) m;n;’il'ms*iil M I (ms,iy iﬂT)
——— e s d:]j =
—Ms,i .
Vo T(ms,) [(ms,i)

pi = (2.18)

YT
Given that the cooperative network is in a state {0,1,...,2" — 1} having a DF
relay combination described by vectof, the MGF of;,; conditioned orb,, can

be written as
N

M, (s|by) =M, ,(s) [ M.(s), (2.19)
i=1,b; 70

with M., (s) = <1 + Ms>_ o andM,, ,(s) = (1 + ”—dds>_ ", Hence, we

Ms.d

can rewrite (2.19) as

Foa N Via \ o
My, (s | by) = (1+ . s) 11 (1+ . s) . (2.20)
i 0

Ms,d




A partial fraction expansion of (2.20) gives

Mms.d

A;(b Y& 9, (b
M,,,(s|b) =>" —J(_—’“) S+ Y > —’Jf—k) -, (2.21)
=1 <1 + :1_35) i=1,b;£0 j=1 (1 + us)
where A;(b,) is given in (2.22) fork # 0 with A;(b,) = 0 for i # m,,4 and
A;(by) = 1fori = mgq4. ¥, ;(b,) is defined in (2.23) fok # 0 with ¥, ;(b,) =

0Vi,je Z.

(Z'fms,)
(%) ' Omsa—i N Yia N
Ai(b,) = ~— : —1 11 (1+Ls) . (2.22)
s= Ms.d

Meg — 1) OsMsdt m;
( s,d ) ':17bj7é0 ]7d

ﬁs,d

(1 4 Jod s) | (2.23)

Ms.d
—_Mid

N —myq
X | | (1 + —l d )
I=1,0%ib myq
=L,t7, l;éo 1.

The Laplace inversion of (2.21) produces the conditionaFBbDthe total received
SNR at the destination conditional &, f.(v|b;) as

mi,d

(miqg—7)! Osmia=i

<M>(j_mi,d) —_
U, (b)) =

ms.d ]
S Aj(by) (mea\ g -Ted
foa(vby) = Z o — e Tsd
0 —1)!
j=1 (] 1) Vs.d
N mzd ]
U, i(by) id ) q Y
Py S (M) T 2aa)
i=1,bi 40 j=1 (y Vid

By using the theorem of total probability, the PDF of totaleiwed SNRy,,; uncon-

ditional onb, can the be written in terms of (2.15) and (2.24) as

oN_1

Fra(Y Z Frioe(7 | by,) Pr(by,) . (2.25)

2.4 Capacity Analysis

In this section, we derive the channel capacity for coopar®@F and AF networks
under multipath fading and rate adaptive transmission. »atenathematical for-
mula is derived for the information capacity of a coopematmetwork [50] as op-

posed to the Shannon’s channel capacity bound for poipbiot communication,
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but this capacity analysis under adaptive transmissidirpsbvides a useful insight

into the performance of adaptive cooperative networks.

2.4.1 Optimal Rate Adaptation with Constant Transmit Power
(ORA)

Under this adaptive scheme, the transmit power is mairdatcomstant, but the
transmission rate is adjusted in response to the channditmms. As shown in
Fig. 2.1, the CSI estimated at the receiver is fed back to #resmitter. We as-
sume error-free CSI estimates and a reliable and low-de&dbfeck channel. With
these assumptions, ideal CSl is available at the receiveedswithe transmitter.
Therefore, the transmitter can evaluate the rate of trassam that can be achieved
without loss of information for each channel instant; ivehen the received SNR
under fading isy, the channel can support an information rate= B log, (1 + )
according to Shannon’s channel capacity, wheris the bandwidth. If the trans-
mitter is capable of continuous rate adaptation, then itamapt its transmission
rate optimally according to the instantaneous channelap@’,. Doing so will

provide an attainable channel capacity of [35, eq. (8)]

= [ Blog+L0) . (2.26)
0

wheref, () is the PDF of the SNR. The capacity achieved through this selism
the same as the ergodic capacity of a system using a fixedrrdéz fading. For the
cooperative system in Fig. 2.1, (2.26) needs to be slightidifred to encompass
the N + 1 orthogonal channels [15]:

B oo
Cos = 2773 / In(1+7)£,(7) d . (2.27)

(N+1
whereln(z) is the natural logarithm of.

Analysis of an AF Cooperative Network

An upper bound of the achieved capacity can be derived bygubm PDF (A.18)
with the ORA channel capacity given in (2.27). Eq. (2.28) gige upper bound on
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the channel capacity under ORA for the cooperative AF network
B(0.5)2Nm=UPN (2m)

<
Cora < In2(N + 1)mNT2N (m)

m AV m\" m

X — =) L=

[;(Z—l)!(v) (7)

Ny ; 2m 2m
+ Z; (T) . 2.28
St ()5(2)] em
The integrall,, (1) = [~ t"~ 11n(1+t)e P dt, > 0; n € ZT, can be evaluated in

closed-form as in [34, eq.(78)]. Similarly, for the case ohs.i.d. fading channels

the PDF given in (A.42) is used to derive the capacity as

C < B rN[ D, % Az ms,d lI ms,d
TN+ D2 (LT S =)\ ea ) T\ s
ms z+ my, ]
al ’ Ms i Yid + MiaVsi\’ T MsiYi,d + MidVs,i

Vs,iYi,d Vs,iYi,d

(2.29)

Analysis of DF Cooperative Network

For DF cooperative networks over i.i.d. fading channelsraoti.i.d. fading chan-
nels, the PDFs of the received SNR (2.13) and (2.24), relspbgtare used to ob-
tain the capacity under ORA by using (2.27). The capacity utideORA scheme

for the i.i.d. case and non-i.i.d. case are given in (2.3d)(@mB1), respectively.

M. q .
) A‘(b ) M. J M g
C = — .J =k ( _s7 > I _5,
ora In2 —~ 1+ N(hk)) jz; (J _ 1)! Vs J o
N m; d .
+ 2 ~’J(_1'“? (Tfl’d> Z; (md)] (2.31)
i=1,b;#0 j=1 (j - ) Yi,d Yi,d



2.5 Observations and Comparisons of Results

In this section, the analytical expressions for the chacaphcity are compared
with the Monte Carlo simulations. The channel gains are abththrough random
variable generation. Each simulation data point for a gisrearage SNR is ob-
tained by using x 10° random values of the channel gain. These values were used
in the analytical equations derived in Section 2.4. Here,ititegration operation
using the PDF of the channel statistics is replaced by tatkiaglgebraic mean or
expected value of all the numerical values obtained. Thikrtgjue amounts to a
semi-analytical simulation. Compared to conventional Mddarlo simulation, this
method significantly reduces the size of the sample set ampetational cost re-
quired to obtain a simulation result of a given accuracy amdidence interval [51].
For example, with a sample set sizelok 10° and an average SNR of 10dB, the
simulated capacity for the non-i.i.d. AF relay network ligghin the confidence
interval (1.0104, 1.0112) with a confidence 0$0%.

For the analysis, a cooperative network consisting of twalpe relays is con-
sidered for both the AF and DF cases. In the i.i.d. fading clsé&agami fading
parameter is taken as = 2, and in the case of non-i.i.d. fading, the following
Nakagami fading parameters and average SNR values areleoeiy; ; = 0.5p ,
Ys1=0.2p,%2=0.7p,714=09p,%24=04p, msqg =2 ,ms1 =1,mgn =2
,my 4 =3,mqq = 1, wherep is the average SNR.

The PDF of the total received SNR,; is shown in Fig. 2.3. The decoding
thresholdy; is chosen to bé dB, and PDF plots are obtained for different average
SNR values neafr. A large variation in the shape of PDF’s can be seen around
p ="t

Fig. 2.2 shows the capacity analysis for a non-i.i.d. DF evafive network
for varying decoding thresholdsy. A local maximum is observed whenis near
theyr value, and in the high SNR region, the effectygf on the capacity is neg-
ligible. This local maximum in capacity is a result of the nga in the average
number of relays forwarding the source signal to the detstina The figure also

shows the channel capacity achieved through the compaidbtmoperative net-
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work. Clearly, the DF cooperative network performed betigerms of the channel
capacity.

Fig. 2.4 shows the variation of the average number of relaywdrding the
source signal]N, againsty for differenty,. Forv, = 15dB, on average no relays
forward signals to the destinatio?V( < 0.5) until p > 17dB and for17dB <
p < 35dB, N gradually increases from 0.5 to 2. This observation explaihy the
capacity curve for = 15dB in Fig. 2.2 has a higher gradient for< p < 17dB
followed by a local maximum and a lower gradient iardB < p. Similar results

were obtained for the network with i.i.d. wireless channels

2.6 Summary

Channel capacity through rate adaptive transmission fooparative network was
investigated. The proposed system model and wireless ehamodel for the DF
and AF cooperative networks were discussed in detail. ThE &Tthe total re-
ceived SNR was derived. Analytical expressions for the nbhnapacity under
optimal rate adaption with constant power were derived. fhleeretical channel
capacity derivations were compared with the results obthfrom the Monte Carlo
semi-analytical simulation. The channel capacity undercDéperation (with the

assumption of error-free decoding) was found to be better the AF cooperation.
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Figure 2.2: Capacity comparison of ORA scheme for DF relay agkswith vary-
ing thresholds and non-i.i.d. fading.
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Chapter 3

Constant Power Rate Adaptation
using Adaptive M-QAM

3.1 Introduction

In Chapter 2, the channel capacity for AF and DF cooperatitwaris was theoret-
ically analyzed. Closed-form expressions were derivedHercapacity under both
i.i.d. and non-i.i.d. fading conditions. In this chaptér tperformance of a practi-
cal rate adaptive transmission scheme with a cooperativeonieis analyzetl An
adaptive M-ary quadrature modulation (AMQAM) scheme csinsg of a discrete
set of transmission modes is considered for this purpose.DFhcooperative net-
work (Chapter 2) and this rate adaptive scheme are analyr@éddoand non-i.i.d.
fading conditions. The performance of the system under faratloptimized SNR
switching thresholds is investigated. The optimized dwitg thresholds required
for AMQAM are computed for i.i.d. and non-i.i.d. Nakagami-conditions by
using the Lagrangian optimization approach [52].

The remainder of the chapter is organized as follows. Se@i@ details the
system and channel model. Section 3.3 describes the aelaotieme employed,
and Section 3.4 defines the performance parameters andl@sctheir theoretical
derivations for i.i.d. and non-i.i.d. fading environmen®ection 3.5 explains how

the switching thresholds for AMQAM are derived, and, finadlgction 3.6 provides

1A version of this chapter has been accepted for publicatiothé proceedings of the IEEE
International Conference on Communications (ICC) 2009 reDresden, Germany [38].
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the numerical results obtained by using Monte Carlo simutatiand the derived

theoretical expressions.

3.2 Channel and System Model

Nakagamim fading is assumed for all channels. The performance is aedlfor a
DF cooperative network under both i.i.d. and non-i.i.d.ifigcdconditions. The DF

cooperative network (Fig. 2.1) is described in Section22.3.

3.3 Rate Adaptive M-QAM

Rate adaptive transmission is implemented by using a dessedtof transmission
modes. Each mode consists of a modulation scheme capablppdrsing a dif-
ferent data rate. The transmission mode is changed based loes@8ation at
the destination. The CSI are fed back to the source transmittea reliable, low-
latency feedback channel. Under this adaptive scheme oilrees transmits at a
constant average power and varies the data rate dependthg QSI.

In the subsequent analysis, the transmission mode is sdlbetsed on the re-
ceived SNR at the destination. The range of the received SNRrtitioned intak
regions by using a set of switching levéls= {~,|n = 0,1,..., K} with K =5
being considered for our analysis. This system is terfivedmodeAMQAM [52].
The transmitter selects modewhen the received SNR falls in theth region; i.e.
Yo < Yot < Yne1- The index of the selected transmission madeis sent to the
source through a reliable and low-delay feedback link (Rid.). The destination-
to-source feedback link is assumed to be error-free. Whetrdhemitter switches
between different modes, the relays need to identify theecomode. The trans-
mitter may have to send side information to the relays, oteally, the relays
may employ automatic modulation classification techniq68s54] to identify the
incoming modulation mode without side information. Erfage decoding is as-
sumed at the DF relays. The effect of decoding errors at thggés investigated
in Chapter 4. The PDFs derived for the i.i.d. and non-i.i.dargtel conditions
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(Section 2.3.2) are used for our analysis.

Table 3.1 gives the parameters of the five-mode AMQAM schevheyeb,, is
the number of bits per a transmitted symbplis the instantaneous received SNR,
and M, is the constellation size of the modulation scheme used. Md@ulation
schemes BPSK, QPSK, 16-QAM, and 64-QAM have been considaréalr of
the five modes since they have been widely used in many existamdards [9, 55].
They have also been extensively studied in the literatudeuadaptive modulation
[15, 36,52,56,57].

3.4 System Performance Parameters

This section presents the parameters used to analyze foepance of the system.
Since the operation of the adaptive scheme involves thets@aieof modes accord-
ing to the prevailing channel conditions, a transmissiomlenselection probability
(MSP) is defined as [52]

0 = Pr(vm <79 <yu41)
Tn+1
_ / Fren(7) dy (3.1)

'Yn
The quantity,, is the probability that the received SNR falls in thxh region. By
substituting the PDF ofj for the i.i.d. fading environment given in (2.13) into
(3.1), the MSP can be derived as

N myp A myp N—i . man . mIn41
N F(mv ~ ) 'Y(mvf) F(m(l+l)7f)_r(m(z+l)v ~ )
5n = l;(] (1) |: F(m; :| |: I‘(m; :| |: 71"(m(i+1)) - :| '
(3.2)
Similarly, the MSP for non-i.i.d. Nakagami-fading can be derived by substituting

(2.24) into (3.1) as

N pron) |2 Auby) [ (M M
5, — Pr(b Ak [r (j, > ”) -T (j, M)}(w)
; (be) ]Zl (=1t Vs,d Vs,d
N mi,d
~ Vii(by) [ ( mz‘d%) ( mid7n+1):|
+ ¢ I Js _’ - ) ’_
Zzgaléo; (j—1)! id Vid
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3.4.1 Outage Probability

According to the parameters given in Table 3.1, no transomdsikes place when
the received SNR falls in region 0. The probability of suchoatage of transmis-
sion is given by

Pui=Pr(vo<v<m)=0d. (3.4)

By using (3.2) and (3.4), the outage probability for the i.cdse can be found as

L [T )T [y(m, ") T D+ 1), )
P““‘“Z(z')[ r(m) ” rm) ] [ TOm(i + 1) ]

= (3.5)
Similarly, by using (3.3) and (3.4), the outage probabilday the non-i.i.d. case is
found as
— <L A (by) Meam

3.4.2 Average Spectral Efficiency

The average spectral efficiency achieved by the system caxgressed as the sum
of the data rate$,, in each region weighted by the MSP of each region, which
is [15,52, 58]

K-1

R 1

BRI nz::l b | (3.7)
whereb, = log,(M,,) is the data rate of the™ region, B is the bandwidthR is

the average throughput, adis the average number of DF relay nodes forwarding
the source signal to the destination. The division by+ 1) accounts for the fact
that transmission takes place by usidg+ 1) orthogonal channels. By using (3.2)

and (3.7), the average spectral efficiency for an i.i.d. rfgdénvironment can be
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Table 3.1: Five-Mode Adaptivé/-QAM Parameters

SNR n || M, || b, mode
Yw<v<m| 0| O 0 No Tx
Mm<y<vm| 1| 2 1 BPSK
<y<y| 2| 4 || 2| QPSK
Y3 <~v <7 | 3| 16 || 4 || 16-QAM
Y<v<7 |l 4| 64 | 6 | 64-QAM

expressed as

R 3 ) [r(m )] ()
B an(i+1)[ T'(m) }{ I'(m)

{F (m(i +1), %) T (m(i +1), ””T+>] .

T(m(i + 1))

Similarly, by using (3.3) and (3.7), the average spectratiehcy for non-i.i.d.

fading can be expressed as

n K-1 2N-—1 N -1

5 = D by Pr(by 1+Zbi]
n=1 k=0 i=1

Aj<b) . Ms.dVn . Mg.dVn+1
Z (] _ 1k)| [F (]7 :Ys,d ) -T (]7 ’_}/—+):| (39)

s,d

mi,d

i=1,b; 40 j=1 (7 -1 Vi,d Yi,d

3.4.3 Average BER

Since AMQAM is transmitted by using a discrete set of modes,average BER
reflects the bit errors of each individual mode of transmissiThe total average bit
error rate will depend both on the modulation scheme useddh smode and on the
probability that each mode is used for transmission. Hetieeaverage BER for
the five-mode AMQAM scheme is given as [15,52]



BER, = “—— (3.10)

whereP, is the BER of the:-th transmission mode, which is calculated as

TYn+1
P, - / Pusoant () foun () (3.11)
Tn

P, .oanm 1s the BER of square M-QAM in an AWGN channel, with coherent
detection and Gray coding given as [52]

Proam = ZAzQ(M), (3.12)
!

whereQ)(-) is the standard Gaussian Q-function define@@s) = - [ e 12 dz,

v is the received SNR, and; andq, are constants particular to the QAM constel-
lation used [52].

By using (2.13), (3.11) and (3.12), the expressionApican be derived as

- p(m w) ' 7<m %) N
P /" 'y 'y
Tn

N

S| |2 (7)

[(m) I(m)
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From our previous work in [15];(a;, 3, ¥, 7n+1) Can be written in closed form as

Yn+1

i1 i
Li(ay, B, Yoy Yur1) = Q(Vary)B (i —1)! [1 _ e—ﬁvz (53) ]
r=0 ’ n

_%51'(@ - 1)!{(@0-%(0.5, ol

Tn

1—1
7 B _ro.
w2 a2+ A7
Tn+1
Tn }

x I'(r+0.5, (/2 + B)7)
Hence, by substituting (3.15) into (3.13), the closed forpression forP, can be

(3.15)

written as
7 N—1i
oy [T 5] [ ()
ro=3(0) |~ ] [ Fm) 320
<m)m(i+1)
) (m(iﬁ— 1) —1)! ZA’ Ly (@, M/, Vs Yot1)-
l

Similarly, by using equations (2.24), (3.11) and (3.15¢, tlosed form expres-
sion for P, for the non-i.i.d. case can be derived as

Ms.d A ms
Z (]El ( d> ZAI al7m5d/78d77n77n+1)

2N _1

Z Pr(b;)

mld

ij(by) Mid
Z j]_ 1k (‘, ) ZAI al?mld/fyzdafynaf)/n-&-l)

N
i=1,b; 40 j=1 Vid

+

(3.17)

By substituting forP,, andd,, in (3.10) by using (3.2), (3.16) and (3.3), (3.17), the
average BER can be obtained for the i.i.d Nakagami and nah-Niakagami fading

cases, respectively.

3.5 Switching Levels for Mode Selection

The operation of the five-mode AMQAM described in Sectionrdlis heavily on

the switching levels used to partition the received SNR thfive regions, one
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for each transmission mode. The switching levels are detexnso that a QoS
constraint is maintained while rate adaptation is perfatrm#é/e have considered
the adaptation policy introduced in [52] where a target BERllés used as the
QoS constraint.

We next discuss two types of switching level assignment ler five-mode
AMQAM scheme used in the cooperative network: (1) fixed switg levels and
(2) optimized switching levels. In both methods, rate adth is performed to

increase the throughput while satisfying the requiredeiaBER level.

3.5.1 Fixed Switching Levels

In this method, a fixed set of switching levels is used to partithe received SNR.
Each switching level is chosen so that the two modes beirgyatgul by the switch-
ing level satisfy the BER constraint under AWGN conditionshegt SNR value of
switching. Particularly, the higher of the two modes shoyild a BER approx-
imately equal to the BER target. We have adopted the critesal un [58] for
determining the fixed switching levels:

Y% =0

1 = [erfc 1 (2BERy)]?,

’Yn:%KO(Mn_l)§ n=23,...,K-1,
YK = 00,

(3.18)

where BER is the target BER level, effc(-) is the inverse complementary error
function, andiK, = — In(5 BER,).

3.5.2 Optimized Switching Levels

The fixed switching level assignment discussed earlierigesvan easy method for
allocating SNR regions for each transmit mode to operateTdre average BER
obtained through this technique is very conservative végpect to the target level,
which is discussed in Section 3.6. However, by making furtitustments to the
switching levels, the spectral efficiency can be increadaitbwnaintaining the BER

target.
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Figure 3.1: Relationship between optimized switching lgvel

In [52], Choi and Hanzo showed that the switching levels cbeldptimally ad-
justed for a given average SNR so that the total average BERexeadly equal to
the target BER level. The optimization was performed so tagtverage through-
put, Kilb d,, was maximized under the constraint 8% R,,, = BER,, where
BERO Was the target BER level. Here, both the average throughpluthenaverage
bit error rateB E'R,,,, are functions of the average SNR. Since any set of switching
levelss € S consists of K — 1 independent variables{ = 0 andyx = oo are
fixed), the optimization process amounts th'a- 1 dimensional optimization prob-
lem under the BER constraint. The results of [52] show thatsatyof optimized
switching levelss € S is a function of the first optimized switching lev@l and is
independent of the underlying propagation environmengesétresults reduce the
multi-dimensional optimization problem to a one-dimensiboptimization. For
the five-mode operatior{X' = 5), the relationship betweep and the rest of the
optimized switching levelsy,, 453 and4,, is given in [52, Fig. 4] and is reproduced
in Fig. 3.1 for clarity. The set of optimized switching lesdbr a particular average
SNR# and target BER level BERs found by solving the constraint function given
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by [52]

N N
Y(7:8(%1)) = > _buPo —BERy > b6, =0, (3.19)
n=1 n=1

wheres (4, ) is the set of optimum switching levels as a functiorfyaf A set of op-
timized switching levels exists only when there is a solutmY (7; 5(4,)) = 0. By
using the relationship between the switching levels giveRig. 3.1 and the MSP
(3.2), (3.3) and the mode-specific BER (3.16), (3.17) andisglior Y (7; (%)) =
0 numerically, a unique set of optimized switching lev&ls found for a giveny.
The optimized switching levels derived are presented in Big and Fig. 3.3 for
the i.i.d. and non-i.i.d. channel conditions together with corresponding fixed

switching levels.

3.6 Numerical Results

This section presents a comparison of the analytical andlation results for the
performance parameters of Section 3.4. The results foigeyvaobability, mode
selection probability, average BER, and achievable spegffralency are presented
for fixed and optimum switching level assignments. For thd.i. Nakagamim
fading case, a two-relay cooperative network is considengu fading parameter
m = 2. In the non-i.i.d. case, a two-relay cooperative networthuhe following
average SNR values and Nakagami fading parameters is evedid, ; = 0.5p ,
Ys1 =020, %2=07p,74=09p,%2a=04p, msa=2,ms1 =1,ms2 =2

, M4 =3, maq = 1 Wherep is average SNR. The decoding threshejdfor the
DF cooperative network is set to be 5dB, and the target BER teradaptation is
considered to be BER=1 x 1073.

Fig. 3.2 and Fig. 3.3 show the optimized and fixed switchinglefor the i.i.d
and non-i.i.d. cases. For a small average SNR, the differbatveeen the fixed
and the optimized switching levels is fairly small, but th#estence progressively
increases as the average SNR increases. At a particular SNB known as the
avalancheSNR [52], all the optimum switching levels abruptly reaclhazeThis

event occurs when the BER of the highest order modulationnsehequals the
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Figure 3.2: Switching levels for i.i.d. Nakagamifading (n = 2), for a two relay
network.
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Figure 3.3: Switching levels for non-i.i.d. Nakagamifading and for a two relay
network.

target BER, after which adaptation is abandoned, and moduol&iperformed by

using the highest order modulation scheme. The avalancief8Nhe i.i.d. case
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is around 19 dB, and for the non-i.i.d. case is 23 dB.
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Figure 3.4: Probability of mode selection with fixed switafilevels for i.i.d.
Nakagamim fading (n = 2), for a two relay network.
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Figure 3.5: Probability of mode selection with optimizedtshing levels for i.i.d.
Nakagamim fading (n = 2), for a two relay network.

The probability of the transmitter selecting differentisanission modes is shown
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in Fig. 3.4 and 3.5 for the fixed switching levels and the opted switching levels
for i.i.d. channel conditions. Fig. 3.4 reveals that for ébsavitching at a low aver-
age SNR, transmission occurs mainly using mode 1 (BPSK) whateahigh aver-
age SNR, the transmitter resorts exclusively to mode 4 (64M§ith the highest
bit rate. Under this method, for any given average SNR thestsea certain prob-
ability of selection, however small it may be, for each moéi&ransmission. On
the other hand, with optimized switching levels, when therage SNR values are
less than the avalanche SNR, the variation of the mode salgutobabilities with
the average SNR is similar to that of the fixed switching méthdowever, when
the average SNR equals the avalanche SNR, all modes, excepe foighest one,
cease to operate, resulting in their probability of setecto abruptly reach zero.
With an average SNR beyond the avalanche SNR, only the higihm$¢ operates.
Similar observations were made under non-i.i.d. channadiitions.

2.5 ——
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N
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=
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.
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o
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Average spectral efficiency (Bits/Sec/Hz)
4
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Figure 3.6: Average throughput for i.i.d. Nakagamifading (n = 2), for a two
relay network.

The average spectral efficiency is plotted in Fig. 3.6 foritheé. fading case.
Optimum switching levels yield higher throughput for an algaverage SNR. A

performance gain of 2 - 3dB is achieved when optimum switghevels are used
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Figure 3.9: Average bit error rate for a two relay networkhwibn-i.i.d. Nakagami-
m fading.

Fig. 3.8 provides the average BER performance analysisdh fading condi-
tions. The system using the optimized switching levels na@ms the target BER
requirement until the avalanche SNR is reached, when thatimdanodulation is
stopped, and the highest modulation scheme is used fomissien. Under fixed
switching levels, the average BER of the five-mode AMQAM isa&/well below
the target BER and hence satisfies the QoS requirement; hgwieieQoS con-
formance comes at the cost of sacrificing system performamtee form of the
average throughput — see the plots of the average spedi¢ety in Fig. 3.2.
Similar results are obtained under non-i.i.d. fading ctads (Fig. 3.9).

The outage probability is depicted in Fig. 3.10 and Fig. 3drlthe i.i.d and
non-i.i.d. cases. The system using optimized switchinglfeexperiences less

outage as compared to the system under fixed switching levels
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Figure 3.10: Outage probability for i.i.d. Nakagamifading (n = 2), for a two
relay network.
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Figure 3.11: Outage probability for a two relay network wiibn-i.i.d. Nakagami-
m fading.

3.7 Summary

A five-mode AMQAM was considered with a cooperative DF netwofhe per-

formance metrics required to analyze this rate adaptiiesysn a cooperative DF
40



relay network were derived mathematically. The total systeas tested for two
methods of switching level assignment. The results obththeough simulation
and numerically provided a good match and showed that thenzetd switching
level yielded the best system performance. On the other,ihadixed switching
level assignment provided a more conservative performemiggms of guarantee-

ing the required QoS.
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Chapter 4

Rate Adaptation under Cooperative
Demodulation

4.1 Introduction

The analysis of AMQAM in Chapter 3 was performed for erroefidecoding at
the relays. MRC at the destination then provides full divgrisenefits. However,
when the decoding errors at the relays are considered, MR&langer the optimal
combining technique [59]. The error propagation via reltnen leads to a degra-
dation of performance. Hence, different techniques nedzktoonsidered for the
combining of the signals received at the destination. s thiapter, we investigate
the effect of the decoding errors at the relays on the pedaoa of the system
Chapter 4 is organized as follows. Section 4.2 presents astigmn of coopera-
tive diversity combining techniques. The operation of C-MR@iscussed in detail,
and the fitness of a proposed heuristic approximation fotdted received SNR is
validated by using simulation results. In Section 4.3, gpevative network using
C-MRC together with AMQAM is analyzed. Mathematical expressiare derived
for performance metrics (mode selection probability, gatarobability, average
spectral efficiency and average BER) by using the PDF of the JipRoaimation.

The analytical expressions and simulation results are eoedp

A version of this chapter has been submitted for publicatiera regular paper in the IEEE
Transactions on Wireless Communications [39].
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4.2 Cooperative Demodulation in DF Cooperative Net-
works

As mentioned before, in DF cooperative networks, the retlgraodulate, decode,
and retransmit the source signal. Decoding errors at tlaysetan cause error
propagation. The use of MRC to combine the relayed signalseati¢stination is
not optimal in this case. Techniques to optimally demodukatd detect the re-
ceived signal by considering error propagation via relagde@und in the literature.
Reference [60] presents a maximal likelihood (ML) optimatedéor for BPSK.
The authors of [60] also provide a suboptimal combiner teknadIRC due to the
complexity of the optimal detector. A piece-wise linear JPlear-ML decoder is
derived for coherent and non-coherent BFSK in [61]. Referg@2¢ provides a
low-complexity method termed cooperative MRC (C-MRC), whiahtly lower-
bounds the performance of ML detection. Reference [63] ptsske product MRC
(P-MRC) scheme, which requires a significantly lower sigrigptimerhead than that
of C-MRC. Most of these techniques require the destination ve kaowledge of

the instantaneous CSI or BER at the relays.

4.2.1 Cooperative MRC

We have chosen the C-MRC scheme proposed in [62, 64] for theecaibge de-
modulation of the received signals at the destination bezafi this scheme’s low
complexity and near-ML performance. Furthermore, the em@ntation of ML de-
tection for higher-order constellations, considered inamaptive scheme, becomes
exceedingly complicated with the presence of errors atdtays.

The combining of received signals, andr; ,,i € {1, ..., N} by using C-MRC
is done as follows [62]:

N

7= WsdTsd T Z Wi dTid s (4.1)

=1
wherew;, ; andw; 4 are weights which are functions bf 4, hs ; andh; 4. The weight

w; 4 1S chosen to bev, ; = A7, as in the case of MRC. However, for determining
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the weightw; ; , which has to account for the errors introduced at the refsgy,
end-to-end equivalent SNR for the path via itterelay is required. Hencey; 4 is

chosen as

Wi,d = Jea h;d ) (4-2)
Yi,d

where~,, is the equivalent one-hop received SNR for the two-hop petltheith
relay. It was shown in [62,64] that, is bounded as,,;, — 22! < 7.4 < Vi Where
Ymin = min(7ys,,7:.4) anda is a constant dependent on the modulation scheme.

Therefore, we have approximateg as

Veq ~ min(ﬁ)/s,ia fVi,d) :

Under this approximation, when ; > v, 4 , w; 4 reverts to conventional MRC,
so thatw; 4 = hj, ; i.e., the combiner is more confident that the symbols argivi
from the relay are accurate since the source-to-relay §rdf higher quality than
the relay-to-destination link. When ; < v; 4, the combiner has low confidence in
the reliability of the symbol arriving at the relay.

The detected symbol at the destinatiors given as

2

N N
T =argmin (wsqrsq + Z Wi qTid — (wsd hsa+ Z Wi 4 hi,d) | , (4.3)

T€A,
“ i=1 i=1

where A, is the set of constellation points or symbols of the coratielh con-
sidered for transmission. The analysis carried out in [P pBoves that C-MRC
provides full diversity benefits at the destination. Howete use this cooperative
demodulation scheme with the proposed AMQAM transmissiwen an average
BER constraint, a relationship is required which links the €Slimated 1 ;, v; 4

and~; 4), with the total instantaneous received SNR at the desgtimat

4.2.2 Approximation for Total received SNR

To use C-MRC in the AMQAM scheme described in Chapter 3, the mtateeous
total received SNR at the destination is needed for selgttia appropriate mod-

ulation scheme. Under cooperative demodulation schenaésasuC-MRC, which
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Figure 4.1: BER of 2 relay network under different M-QAM caglkitions with
Nakagamim fading,m = 2.

consider the effects of the decoding errors at the relagsdénivation of an ana-
lytical closed form expression for the total received SNResgys complicated or
intractable. Also, such an expression may essentially pertient on the modula-
tion scheme used (since the bit errors caused at the relpgsden the modulation
scheme employed). Hence, the use of C-MRC would complicatampiication,
which requires the received SNR to be independent of the fabdn scheme, be-
cause the SNR is used to determine the transmission andimtamde.

Due to these difficulties in deriving an exact expressiontiier total received
SNR for C-MRC, we have resorted to using an approximation foreébeived SNR,

which is independent of the underlying modulation schengglugor our analysis
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Figure 4.2: BER of 16-QAM for different numbers of coopergtirelays with
Nakagamim fading,m = 2.

of AMQAM by using C-MRC, we have tested heuristic approximasiar the re-
ceived SNR via Monte Carlo simulations by using a trial-an@reapproach. Two

approximations for the received SNR are

Vapr = max(vs.q, Min(ys 1, Y1,4), - - -, min(ys n, ynvq)) and (4.4)
N

,YapZ - 757(1 + Z 05 min(’YS,h ’Yi,d) . (45)
i=1

Simulations were carried out extensively in Rayleigh andddgnism i.i.d. and
non-i.i.d. fading environments with different numbers obperating DF relays.
The decoding at the relays was performed by using ML detectiod the received

signals were combined at the destination by using C-MRC acupid (4.1), and
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symbol detection was performed by using (4.3). Nakagamiandom variables
were generated by using the method proposed in [65].

Fig. 4.1 shows the BER curves obtained for a cooperative nktimon-adaptive
constant rate) consisting of two DF relays under i.i.d. Ngai+n fading with
m = 2 for different modulation schemes. The BER curves show-{hatgiven in
(4.5) provides a very accurate approximation of the tote¢ireed SNR at the des-
tination under C-MRC. The performance of the two approximatifor different
numbers of cooperating relay nodes is illustrated in Fi®. 4As the number of
relays increase, the accuracy@f- at the high SNR region increases whilg,,
serves as a loose lower bound for the received SNR. The BERrpenfice of the
comparable AF relay network using MRC is also shown in Fig.ahd 4.2. The
BER performance of C-MRC scheme is only slightly less than théhe AF net-
work employing MRC.

Fig. 4.3 depicts the outage probability associated with @D relay coop-
erative network under 4-QAM transmission. The outage pityafor C-MRC
was derived by using the BER simulation results and consigexriBER-based out-
age threshold 08.01. A BER above this threshold was considered to result in an
outage event. The corresponding theoretical C-MRC plot faagel probability
was derived by using the approximation for received Spi and considering an
equivalent outage SNR threshold®©83 dB ( for 4-QAM, this threshold of 7.33 dB
results in a BER 00.01). Clearly, vap2 serves as a good approximation of the
received SNR in terms of the outage probability.

From these BER and outage probability results, we taketo be an accurate

representation of the total received SNR with C-MRC.

4.3 Analysis of Adaptive M-QAM by using Coopera-
tive MRC

The system model used for the analysis is similar to the naekadribed in Chapter
2, Section 2.3.2. However, in this analysis under C-MRC, weidensll DF relays

to be participating in the decoding of signals as opposedtsidering a subset
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Outage BER =0.01 ——&— Approximation 2
_, | Outage SNR = 7.33 dB
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Figure 4.3: Outage probability for 4 - QAM, with i.i.d. Nakami-n fading,m = 2,
two relay network.

of relays which have a received SNR above a particular tlotdshWe use this
approach because the diversity benefits received under C-MiAstdecoding
errors will maximize when the participation of the cooperatelays is increased.
We consider i.i.d. Nakagamix fading channels for the analysis. For simplicity, we
use the rate adaptation scheme employing fixed switchirddes in Section 3.5.1.

For the analysis of C-MRC under the five-mode AMQAM, . will be used to
approximate the total received SNR at the destination. &fbeg, the total received
SNR at the destination is

=1

Vot = Vs,d + Z 0.5 min(’yS,ia ’Yi,d) . (46)
N

The PDF of the approximation foyy, is derived in Appendix B. By using
PDF (B.7), the performance parameters described in Sec#oca® be derived as

follows.
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Mode Selection Probability

This is the probability that the received SNR falls in thté partition, resulting in
the use of thexth mode for transmission at the transmitter. By using the FR)F)(
in (3.1), the MSP can be derived as

man) T (p, mme
5. — 22N(mF1Tﬂ3$ZN {ZA [ ( >F(T) (r 5 )]
R RIIE) | S

(t)

whereA, and(2, are given in (B.5) and (B.6), respectively.

Outage Probability

When the SNR falls below the first switching levelqf the transmitter selects the
no transmit mode. The probability of the outage event cabgetlis selection can
be found by using (3.4) as

m mm N(2m-1) (¢t dmoyy
e r(r2) (1. 22)
Py =1- ( m) {ZAT’—+ Z O ———=

22N(m=1) NT'2N ()

Average Spectral Efficiency

The average spectral efficiency can be derived by substtdtr 6,, in (3.7) by
using (4.7):

'N(2m)
2N (m=1mNT2N (m)(N + 1)

K-l m r r,% -T r,%
XZ%{ZAT{ | )F(r)< )]

n=1 r=1

U, [F (1)~ (1 —)] } o

i
B

L'(t)

Here, N in equation (3.7) is equal t&V since all DF relays are cooperating to

forward the source signal to the destination.
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Average Bit Error Rate

The average BER can be calculated by using (3.10), wRerethe mode-specific
BER, is found to be (4.10) by using the equations (3.11), (3ab8)the PDF given
in (B.7):

I (2m) "N (mY )
b= 92N (m—1) ;N 2N (1) [Z (r—1)! (;) XZ:AZ I (ar, m /5, Yo, Yns1)
N(2m—1) m

Q ! .
p> (t—1)! (7) ;Aﬂt(al"lm/%%,%ﬂ)l. (4.10)

t=1

=~

4.3.1 Numerical Results

—&— C-MRC A-MQAM (Th)
* C-MRC A-MQAM (Sim)

—6— AF A-MQAM

Adaptive DF A-MQAM

Outage Probability

-3

10 "¢

10 ' F

0 2 4 6 8 10 12 14 16
Average SNR (dB)

Figure 4.4: Outage probability, with i.i.d. Nakagamifading,m = 2, two relay
network.

The results from the analytical equations derived from fhgr@ximation of the
received SNR and the simulation results are compared. &trans were performed
on a system consisting of 2 DF cooperative relays where alhicbls are modeled
as i.i.d. Nakagamin with m = 2. Numerical results were also obtained for a
comparable AF cooperative network and the adaptive DF catipe network (with

i.i.d. channels) discussed in Section 2.3.2, by using seralytical methods.
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Fig. 4.4 shows the outage probability curves of the differgrstems. The
outage performance under the C-MRC method is slightly lessttieperformances
of the other systems. The best performance is attained WahAF relays with
MRC diversity combining. The average spectral efficiencyapidted in Fig. 4.5.
Both the C-MRC method and the AF MRC system perform equally wdllijev
the adaptive DF system performs the best, where a perforengeia of 2.5dB to
3dB in the average SNR is achieved for a given average spedfiaency. For
both the outage probability and average spectral efficieiheysimulation results
and theoretical values of the C-MRC system match well. Thegaugaobability
and the average data rate depend on the criteria used fotisglthe transmission
modes at the transmitter. Since the approximation of theived SNR (4.5) was
used as the basis for selecting the transmission mode$igbestical values derived

by using (4.5) should closely match the simulated values.

N
T

=
oo
T

=
(o2}
T

=
N
T

=
N
T

[any
T

o
=)

o
o

Spectral efficiency (Bits/s/Hz)

—a&— C-MRC AMQAM (Th)

X C-MRC AMQAM (Sim)|
—6— AF AMQAM
Adaptive DF A-MQAM| |

0.4

0.2

15 20 25 30
Average SNR (dB)

Figure 4.5: Average spectral efficiency, with i.i.d. Nakeagan fading,m = 2, two
relay network.

The average BER performance curves of the system using C-MR€&haren
in Fig. 4.6. Except for the initial part of the BER curves, tiragation results stay

below the BER QoS constraint bk 10~3. The theoretical curve gives a lower aver-
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age BER than the simulation results. Furthermore, the gapdasithe theoretically
approximated BER and the simulated BER has increased fordapsiae transmis-
sion, unlike the case for the fixed rate transmission digmigs Subsection 4.2.2.
However, for non-adaptive fixed rate transmission, theay@BER is obtained by
averaging the instantaneous BER values over all possiblenetha@onditions for
a particular fixed modulation scheme, but in the rate adagtheme simulated
here, the instantaneous BER corresponding to the higher latamiuschemes will
always correspond to favorable channel conditions whidrtstantaneous BER of
the lower modulation schemes will always relate to poor aehoonditions, due to
the switching levels employed. Hence, we can see that theaxcof the approx-
imation of the total received SNR under C-MRC decreased whenrde adaptive
transmission was considered. This conclusion is furthppsted by the observa-
tion that for higher SNR values, above 25 dB, the simulatiahthroretical curves
overlap and show a good match, where the transmitter sétecksghest mode with
a very high probability (a very low probability of switchirig lower modes at high
average SNR values). In the high SNR region, since the tritesroperation is
similar to that of a non-adaptive fixed rate transmitter, dimulation and theoret-
ical results are in accordance, as opposed to the result® ilotver SNR regions
where adaptation is employed. The average BER curve obtaiite®4-QAM by
using C-MRC is also given in the figure. For high SNR values, aves show the
same diversity order. Fig. 4.7 shows a comparison of the BERmeance under
fixed switching levels of the different types of cooperatnetworks discussed so

far.

4.4 Summary

This chapter considered the effect of the decoding errotiseatooperating relays
on the rate adaptive transmission used in cooperative Dionke$. These decod-
ing errors are accounted for in the final result observedeat#stination receiver
through the use of cooperative demodulation and symbottiete The different

cooperative demodulation, detection, and diversity-daimig techniques available
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Figure 4.6: Average BER for system using C-MRC, with i.i.d. Nadagm fading,
m = 2, two relay network.
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Figure 4.7: Comparison of Average BER in different coopeeasiystems with i.i.d.
Nakagamim fading,m = 2, two relay network.

in the literature were discussed, and C-MRC was chosen for malysis due to

its simplicity and near-ML performance. A heuristic apgroation of the received
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SNR was obtained through simulations. The results shovilteatte adaptive sys-
tem with C-MRC maintained the desired QoS constraint. Theopeidnce of other
cooperative systems were compared with those of the C-MRE&rsy&tvhen com-
pared to the Adaptive DF system discussed in Chapter 3 wherefeze decoding
was assumed (with a decoding SNR threshold), the systenr @NRC showed a
reduction in average spectral efficiency for a given ave&gR due to the presence

of decoding errors at the relays.
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Chapter 5

Conclusions

This thesis focused mainly on DF cooperative networks vata adaptive transmis-
sion. The purpose of this research was to observe how thgratien cooperative
diversity and adaptive transmission affects system pexdioce. As stated in Chap-
ter 1, both of these techniques are used in either combdtenddtrimental effects
of the wireless channel or in exploiting the inherent natafrtne channel, in order
to improve the overall system performance.

In Chapter 2, analytical expressions for the channel capatibF and AF co-
operative networks were derived. By using these expressioashannel capacity
for the rate adaptive transmission with a cooperative ndtwas derived. Our re-
sults show that DF cooperative networks achieved a biggeaity than that of AF
cooperative networks. However, these favorable resulte wbtained under the
ideal assumption that the symbol decoding at the relaysaos-&ee.

In Chapter 3, a constant power rate adaptive transmissiansehvas imple-
mented by using a discrete set of transmission modes camdpisquare M-QAM
constellations under a BER QoS constraint. The proposed Dpecative system
was tested by using this rate adaptive scheme. The systdanmpance was inves-
tigated under two types of switching level assignments. Bygaring the theoreti-
cal values and simulation results from the performanceiosetoutage probability,
mode selection probabilities, average spectral efficiemegrage BER), it was es-
tablished that the optimal switching level assignment jghed a better performance

than that of the fixed switching assignment; e.g., gains d8 @B in the SNR were
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observed for a given average spectral efficiency. Howeved fswitching proved
to be a simple method for assigning transmission modes antied in maintaining
a conservative QoS level.

The effect of the errors in symbol decoding at the coopegatilays was inves-
tigated in Chapter 4. Different cooperative demodulatioth detection techniques
were discussed to account for the errors at relays. CoopetsiiRC was used to
analyze the performance of the cooperative network underadaptation due to its
simplicity of implementation and near-maximal likelihopérformance. Due to the
complications involved in deriving an exact expressiontfa total received SNR
at the destination receiver by using the C-MRC technique, aarate approxima-
tion of the received SNR was proposed. This approximatiowiged an accurate
match to the simulation results obtained for the BER and @upaigbability of the
fixed rate cooperative DF networks. However, the accuracyedsed when this
approximation was used with rate adaptive systems. Themmeance of the DF
cooperative system under C-MRC was almost as good as that arudenparable
AF cooperative system. The decoding errors at the DF relysced the system
performance when compared with the performance of the [dEalooperative net-
work used in Chapter 3. A reduction of 2.5 to 3dB was observeatienaverage
SNR for a given average spectral efficiency due to the presehthe decoding

errors at the relays.

5.1 Future Research Directions

This thesis work provides a foundation for further researstseveral interesting
topics that were not addressed in our analysis of adap@westnission with coop-
erative networks. In the analysis of the adaptive systenvag assumed that the
feedback channel is ideal, with zero delay and zero errdoghility. The effect

of non-zero delay and non-zero error probability is to redine throughput of the
adaptive system. Further performance analysis is requaregiantify the impact

of the feedback channel imperfections on the system pedioce. The cooperative

demodulation and detection of signals and the estimatidheofotal received SNR
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at the destination relies mainly on the accuracy of the CSiasion. Therefore,
the effect of the CSI estimation errors on the overall systemiopmance of the

cooperative network also requires further research.
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Appendix A

Derivation of PDF of the received
SNR for AF Cooperative Network

A.1 PDF for AF Relay Network with i.i.d. Nakagami-
m Fading

Eqg. (2.7) gives the upper bound of the total received SNReaat#stinationy,;, .

Since sincey; and~; 4 are independent, the MGF of, can be expressed as

M’Yub(s) = M'Ys,d(s) H M%‘(‘S) . (A-l)

Since~; 4 iIs Gamma distributed with shape parameteand scale parameter
y/m, M,_,(s) can be written as

M, ,(s) = (L +7/ms)™™ . (A.2)

It is shown in [46] that for i.i.d. Nakagami: fading, the MGF for the-th
branch can be written as

2m _
m I'(2m) 2 m/y+s
M., (s)=|— Fi(1,2m; 1, —
(9 <—> mL2(m) (2m/7 + s)2m 2 1(’ A s )

y
(A.3)
wherey F («, 5;7; ) is the hypergeometric function defined in [66, 9.100].
By using the transform of [66, 9.131]
B (1,2m;m—|—1; m/7+5) _ s o (1,1—m;m+1;—m/7+5)

2m/y +s m/% m/%
(A.4)
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and by using the properties of [66, 9.100] fok 0, the hypergeometric series can
be written as

_ m—1 _ k
o F1 (1,1—m;m+1;—m/v+8>_ ay, (_m/7+s) ,
k=0

- (A.5)
m/y m/y
whereq,, are the hypergeometric coefficients give as
ag — 1
G = (=m)E=m)..(k—m) (A.6)
k= (D) (m+2)...(m+k)

By substituting (A.5) into (A.4) and then into (A.3), the MGRrcbe written as

o - (1) B2l (ml)

(A.7)
By using (A.1), the MGF of the effective SNR is

M, (s) = [1 + %s] -

(%)m | nl;f% @m/7 i 5)Em-1 mz (‘mﬁ - ) |

k=0 m/y

(A.8)

By re-arranging (A.8) and simplifying, the MGF can be writes
Y (2m)(0.5)2N 0 = 7 v
Mr(5) = mNT2N (m) [14 1 }m[1+—s (2m—1) LZ:O (= ( W) ] '

(A.9)
First, the numerator can be written as follows by using bimbexpansion

lgak(_l)k (1+ %s)k]N 5 1% klzi: (’;) (ls)l]N

m
L k=0
fm—1 _ j N
u (%3) ] : (A.10)
Lj=0
whereu; are defined as
m—1 .
w =Y a(~1) (;) . (A.11)
i=j

By using a power series raised to power [66, 0.314]

m—1 N N N(m-1) -
[ZO U (%s) ] Z v; <ls> , (A.12)

m
Jj= Jj=0
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where

o = j (A.13)
v = j%o i:l(TN _j +T)urvjfr ) '
and by substituting back into the MGF of (A.9), we get
V(2 Nm=1) ), (L g)d
M (0 = ey T0m Tt WLl (aa)
h mNT2N (m) [1+ Ls]™ [1 4 5L s]¥@m-1)

By using partial fractions, (A.14) can be rewritten as

ZA <1+—3> T+N(2§:1)\Ift <1+%s>t] :

M,,,(s) = (0.5)*N0m=1 —

mNI“2N
t=1
(A.15)
where
5 N(m—1) _ . _
(%) gm=r ¥\ y —N(2m—1)
A= (m —r)! dsm=r Y <_S) [1 * %8} (A.16)
Jj= _
s=—m/%y
and
A \E=N@m-1)) aN@m-1)—t |Nm-1) — ~ o—m
V= o ; > w(e) [ |
m — — 1 JSs ) - m m
(N(2 1) t)'@ N(2m—1)—t =
- s=—2m/7
(A.17)

By taking the inverse Laplace transform/f, , (s) in (A.15) and using the fact
that L' {(1 + as) ™"} = gyer" e e, the PDF ofy,;, is computed as follows:

TN (2m) A, T am
f’Yub(,Y) - mNFQN(m)TQrLQN(m_l) [Z (7"— 1)' (%) Y 16 v

N(2m—1)

+ Z =y ( >7tle?m]' (A-18)

A.2 PDF for AF Relay Network with non-i.i.d. Nakagami-
m Fading

The PDF can be found by using a similar technique to that us#étkicase of i.i.d.

In [46], for non-i.i.d. Nakagamin fading, the MGF for the-th branch is written
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as

M

(S> _ M Ms. 4 mi.d ™mi.d F(ms,i+m¢,d) 1
Vi Yi,d Yi,d C(ms,i)T(Ms,i) (ms i /3 itmia)/Fiats) st T d

1 . . . . ms,i/’?s,i""s
X ms,i2F1 (1’ msﬂ + mz,d, mS,Z + 17 ms,i/’?s,i+mi,d/’7i,d+s>

+#_’d2F1 (1, M + Mia; Mig + 1; mgz/:ilizzd;;djLS)
(A.19)
By using the transform [66, 9.131], the first hypergeometritction in (A.19) can

be written as

. . Ms,i/Ys,it$ —
2F1 (1’ ms”i + mi’d’ msﬂ; + 1, ms ’L/:YS itm; d/fﬁ d+8) N

Ms,i/Ys,iTMi,d/Vi,d+S . . Msi/Ys,itS
[ i/Fo,i 4140/ Fid ] oI (1, 1 —myiqme; +1; — il Tite ) .

mi a/%i,d mi a/%i,d

(A.20)

By using the properties off; («, 3;; z) [66, 9.100] forg < 0, the hypergeometric

series can be written as

_ m; g—1 _ k
2 I (17 L—mja;ms; +1; —w> = Z ap(—1)" (W)
mi,d/%‘,d 0 mi,d/%‘,d
m;a—1 M. A k
_ ak(—l)k( s,'f_ﬁ,d)
=0 Mi.d7Vs,i
i )\
X (1 + iS)
mg;
- Yon(k) . e
; Mg
Jj=0 ’
whereq,, are the hypergeometric coefficients given as
ag — 1
a (1=mi,a)(2—=miq)...(k—m;,a) (A.22)
k (Ms.i+1)(Msi42)-..(ms i +k)
and whergu; is defined as
m;a—1 Mg i l I
s, |i,d l .
Mo = a | ——— ) (=1 () ;720
’ lz:; (mi,d%,i) =) J
i = 0 ,7<0 (A.23)
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Similar simplifications can be performed with the seconddmgpometric func-
tion in (A.19). It can be written as

) . ™mi.a/%i,ats _
2F1 <1, m87i + mi’d7 m/L’d + 1’ mg 7,/77/5 i+m; d/:}/z d+s> a

Ms,i/Fs.itMi a/Vi ats e JR s (A.24)
] R (L1 = g+ 1=
where
[Fia + & JFia+s\"
Mid/ i S mi.a/%i S
2 F1 (1, I —mgi;miq+ 1, —¢) = cr(—1)" (—’d W’il )
ms,i/’}/s,i k=0 ms,i/f)/s,i
mSJ‘*l _ k
My.d7Vs,i
= cp(—1)" (i>
—0 Ms,i%i,d
- k
mid
ms,i—l ﬁ_}/d .]
= V) (—s) : (A.25)
=0 Miq

andc, are the hypergeometric coefficients give as

Cop = 1
(1=m..)(2—ma)...(k—m. ;) (A.26)
(mi,a+1)(mi,a+2)...(m; a+k)

Ck

and wherey; is defined as

ms,i_l _ l
mMi.d7s,i l(l) .
v, = ol———) =1)'{ .] ,7=20
! lz:; l(ms,i%',d) ( ) J
v = 0 , 7 <0. (A.27)

(A.28)
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By substituting (A.20),(A.21),(A.24),(A.25) back into thdGF of (A.19), we get

M i et m;q i
Myls) = (’y) (m)

I'(ms; +mia)
C(ms )T (mia)(Msi/Ysi + Mia/Yia + §)™sitmid

X

mi,d—l

1 [ms,i/%,z‘ + My a/%ia + S] Z 0 ( Vs, S)j
M Mid/Yid T\ my

J=0

L [ /Ysi +Mia/Via +5] Vi !
N { il s+ Mia/ Vi } 3 W(”g)]

M q M/ Vs.i s m; q

X

D;
(mS,i/:Ys,i + mi,d/:}/i,d + S)ms,i—l-mi’d

: s j
(s + Bris) fLj ( : 43)
ms,i—l

Yia \’
+ (cvo; + B2;8) Z Vj (Z—S) ] )

J=0

(A.29)

b (m&i)ms,i (mi,d>mi’d I‘(m&i + mi,d> (A 30)
' Vs, i Vi,d L (m i) (mi.q)
. Yid 1 o Yi,d
Q1 = Ws,;y'm_i,d + mlst ﬁh - ms};’mi,d (A31)
- Wi,df;ls,i m; q ﬁ% - ms,i';ni,d

Using [66, 0.316], we see that

where

and

Qg

n+1

(ap + a1x) Z bpat = Z(ao by, + ay by_1)z" . (A.32)
k=0 k=0

Hence, (A.29) can be re-written as
D;
(ms,i/ﬁ/s’i + mlyd/”_yz’d _|_ S)ms,i+mi,d

mi.d :y ) J "7}/ ] j*l .
X [Z{(auuj (ms’l) + Brittj—1 (m&l,) }33

=0 8,0 ER

Ms i

Fia\’ ia NN
+Z{O¢2¢Vj (m—d> + Baivj-1 <mfd) }SJ :
=0 i, 1,

(A.33)
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Sinceyuy, = 0 forall & > m; 4 — 1, and sincey, = 0 for all k > m,; — 1,
D;
(ms,i/f_}/s,i + mi,d/f_yi,d + S)ms,i-‘rmm

M; N k e k—1
X [Z{Oéu,uk (mS:) + Britbk—1 (mi)

k=0

_ k _ k—1
+ v, ( Tid ) + Baivi—1 ( Yid ) }Sk (A.34)
miq m;q
whereM; = max(ms;, m;q). Finally, the MGF of the-th path relay is
D; -
M, (s) = : Aws®| . (A.35
ls) (Msi/ Vs + Mia)Via + 8) i ;0 ' (A35)
where
'_Y ) k f_}/ ) k—1 f_}/'d k '_Y'd k—1
Ajly = oy ( “) +B1itbk—1 ( S’Z> +a2in( - ) +B2iVk—1 ( = > .
ms; Mg m;q miq
(A.36)
By using (A.1), the total MGF of the network is
5 ~msa N — (s i+mia)
Vs,d o Ms;  Mig o
M,,(s) = (1+ ’s) <’+’+s>
l5) ( Ms,d g Vs Yi,d
N M;
X H [Dz Z Azksk
i=1 k=0
_ —msgq N —(ms,i+m;.q)
s ' Mg m; ' ’
= (1+7’ds> H(_’+_’d+s>
mS,d i=1 P)/S,i P)/l,d
N M
X [H Di] > B, (A.37)
i=1 j=0

whereM = SV M; and from [66, 0.316]
Jj ok l P g t
B; = Z Z Z o Z Z Z A Agir—s) As(g—r) - - AN—2)1—m) AN=1) (k=) AN (j—k) -

k=0 =0 m=0 q=0 r=0 s=0

(A.38)
By using partial fractions, (A.37) can be rewritten as
N Ms.d :)/
s,d —r
M, (s) = [H Dif [Xo a1+ ) (A.39)
i=1 r=1 5

N Msi+tm;q

+ Z Z Ui (msi/Ysi + Mia)/Yia + 8)_t ;
i=1 =1
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where

Vs, N B .
A _ (msii)(r M dq) HMs.d=T M B N msz mz"d (ms,i+m; q)
" (Mg — 1)l OsmeaT Z JSH —+s
s,d . =0 i1 75 i ’V’L,d )
Sz_ms,d/'}/s,d
(A.40)
and
(il ) g it gt .
- 5,3 Vi, d T Mi,d Vs i j ’st s,
o = (M + mig — 1)l Osmeitmia=t ZB ° [1+ M d } (A.41)

N _(msk+mkd)
ms, ’ ’
()

k1 ki Vsk o Vkd

MY, dt™idYs,i
Vs,iVi,d

By taking the inverse Laplace transform/f, , (s) in (A.39) and using the fact

that L' {(1 + as) ™"} = gqyare®™ le~a, the PDF ofy,, is calculated as follows:
N Ms,d r -
Ar Mg g ., IMsd
S (Y D; (_’> Y re T (A.42)
e H Z (r=1!'\ Yoa
N msitm;q _ _ t My Vs qtmy 5. s
Wy, My iYid + MidYs,i poy —yeihd Thdted
e s, Vi,d
i Z Z (t—1)! ( Vs.iVid ) !
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Appendix B

PDF of the approximation for
received SNR under C-MRC scheme

By substitutings by 0.5 s in (A.7), the MGF of(0.5 min(vs,,7:.4) can be derived.
Therefore, the MGF of the total received SNR given in (4.6) loa written as

Mio(s) = My () [ ] M:,(055). (8.1)

Sincev; 4 is Gamma-distributed with shape parameteand scale parameteym
, M., ,(s) can be written as (A.2). Therefore, by using (A.7) and (A.ZpvB.1),

we get

Mo(s) = [H%s]ml(g)””‘l Tom

N
2 s m/y+0.5s\"
- .(B.2
><(2m/’_y—1—0.53)2’”*1 kzzoak ( m/5 ) (B2)
By performing further simplifications similar to those of g)to (A.14), we arrive
at
[ (2m)(0.5)2V (Y g
M. = Al =— B.3
’Ytot(s) mNT2N (m) [1 + } [1 + N(2m—1) Z ( S) ’ ( )

where \; = j%OZiﬂ(TN — j + r)o:\—, With \y = &) andd; is defined as
6 = Zﬁ;l ai(—l)i(;). By using partial fractions, (B.3) can be rewritten as
N(2m—1)

= e ZA (1+25) "4 Z 0, (1+Ls)

(B.4)

—t
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—N(2m—1)) aN(?m—l)—t

()"
(N(2m — 1) — )] 9sN@m—D)

Qt:

thatL=H{(1 +as)™*} = 4 ), .
N (2m)

f%ot( ) = 22N(m 1) mNF2N

N(2m—1)

C5

Q

i > —N(2m-1)
+4m8
s=—m/¥
S A
N (5ms) (14 09)

iz

()

Ay
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(5) 7

—’y4m]

(B.5)

s=—4m/5

(B.6)

By taking the inverse Laplace transform @t (s) in (B.4) and using the fact
zF=1e~ 4, the PDF ofyy is calculated as follows:

—ym
5

(B.7)



