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Abstract

It is well known that multiple input multiple output (MIMO)ystems improve transmission
capacities and performance of wireless systems. But, Wéhrtcreasing number of antennas,
the required computation for detection at the receiver aecherdware at both the transmitter
and the receiver ends becomes highly complex. To deal wighMiMO systems that activate
single antenna at a time were proposed namely transmit @ateglection (TAS) and spatial
modulation (SM). TAS can achieve full diversity order. SMaiMIMO technique which can
improve spectral efficiency up to a certain level. In thissieewe consider TAS with maximal
ratio combining at receiver (TAS/IMRC), cooperative comimsations (CC) and SM aspects
integrated with MIMO systems. Performance analysis of MSC MIMO systems is carried
out overk — i andn — u fading channels. It may be noted that u andn — u fading distribu-
tions are better fit to practical fading conditions for lirffesmht and non line of sight conditions
respectively. We derived closed form expressions for aufagbability and infinite series ex-
pressions for SER and capacity of TAS/MRC MIMO systems. Thgessions derived in this
thesis for TAS/MRC systems are also applicable to TAS wite®n combining at receiver
(TAS/SC) systems. Simple expressions in the form of eleargritinctions are derived for ap-
proximate SER of SM MIMO systems over— u andn — u fading channels. The expressions
are also given for other fading channels as special cases-qi andn — u fading channels.
The application of TAS on two hop CC systems and SM MIMO systhaave also been studied.
Expressions for BER of TAS CC systems are derived using thlsis of TAS/MRC systems.
Finally, closed form expression for outage probability &ided for SM MIMO systems with

TAS over Rayleigh fading channels. All the expressionsvaerin the thesis are validated by
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Monte Carlo simulation results. It is also shown that thenitdiseries expressions are converg-
ing fast enough to achieve sufficient accuracy by truncatiegn up to practically computable

number of terms.
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CHAPTER 1

INTRODUCTION

Wireless communication has revolutionized the commuitndaechnology in present era. Each
generation of wireless technology is improving the speebparformance of wireless commu-
nication systems. But, the most challenging and pertaiagpgct of wireless systems is fading,
the temporal variation in received signal strength due testroctive and destructive combina-
tion of multipath components. It results on the account efrteived signal being collection of
different components reaching the receiver after reflastand scattering from different objects
in the path between transmitter and receiver. These mthtgmanponents arriving almost at the
same instant to the receiver can not be differentiated. ngachuses severe degradation in the
performances of wireless communication systems, the mgsbritant is erroneously received
data. The most commonly studied methods to overcome thet effdading are the diversity
combining schemes such as spatial diversity scheme, taintigersity scheme, spectral diver-
sity scheme, polarization diversity scheme, etc. of whightigl diversity techniques are the
most commonly used and highly studied diversity technig@gstial diversity techniques take
advantage of spatial variation in the signal strength duautiipath components and combine
them accordingly using multiple antennas at the receiviee ddmmonly used spatial diversity
combining schemes are: selection combining (SC), equalganbining (EGC) and maximal

ratio combining (MRC). Each of these combining techniqeadiscussed in brief as follows.

TH-1419 10610212
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Selection Diversity

It is the simplest of all spatial diversity schemes. It takdgantage of the spatial diversity that
the signals may have different strengths at different gdaimspace. So, it is highly likely that
the signal has sufficient strength at one of the antennasattteiver. Keeping this fact into
consideration, signal received at the antenna having teebt strength is passed to the detector

and decoded to recover the transmitted signal.

Equal Gain Combining

Equal gain combining also takes advantage of differenngttes at different locations. But
unlike selection diversity scheme, it uses all the recesigdals including the weaker signals.
Before passing the signal to the detector, received signaits all the receiver antennas are
cophased and added. The resultant signals are then usetbt@rehe transmitted message.
Equal gain combining gives better performance compareel&cson combining because it

used less strong signals also in addition to the stronggsaki

Maximal Ratio Combining

This is a more complex combining scheme to implement. It leenbnspired from equal
gain combining to further improve the system performanceaddition to cophasing the re-
ceived signals, each signal is amplified such that after coimip the signal to noise (SNR)
gets maximized. With added complexity MRC gives the besirgrerformance among all the
spatial diversity combining schemes. So, sometimes itsig @ferred to as optimal combining
scheme, i.e. the combining scheme that gives optimum eerdoqnance.

In each of the spatial diversity schemes, transmitter epgpdingle antenna which in turn
improves performance of the communication systems butnloashange the spectral efficiency

which is number of bits transmitted per channel usage. |dleltintennas at the transmitter re-
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sulting to multiple input multiple output (MIMO) systems][#ere seen as a possible way to
get even better information carrying capacities. Spatialtiplexing techniques [5], such as
Vertical-Bell Laboratories Layered Space-Time (V-BLAJ®) can achieve spectral efficiency
which is linearly proportional to the number of transmigtiantennas. Space time block codes
(STBC) [7] or space time trellis codes (STTC) [8] use trarislviersity scheme and can achieve
full diversity order (same as product of number of antennasasmitter and receiver). In spa-
tially multiplexed MIMO systems, information is convertedo multiple data streams that are
transmitted simultaneously through the multiple anteroiasansmitter [9]. This simultaneous
transmission requires parallel radio frequency (RF) chaRarallel RF chains at the transmit-
ter and/or receiver of MIMO systems comes with added costnm$ of hardware complexity,
power and size [10]. It becomes difficult to integrate sucmplex hardware in the mobile
units simultaneously retaining their easy handling and gactness. Moreover, simultaneous
transmission from multiple antennas have inherent digatdges of interantenna interference,
requirement of synchronization, etc [11]. These disach@ged can be overcome by the MIMO
systems with single RF chain at transmitter which in turivate single antenna at a time for
transmission. Possible candidates for such systems ar&ntibantenna selection (TAS) and
spatial modulation (SM) in which only one antenna is madeactt the transmitter to send in-
formation at any time instant, thus helps to reduce poweswmption, size and cost [12]. TAS
and SM systems may activate more than one antennas at tisenitear but this will have the
same problems mentioned above like interantenna int&deresynchronization requirement,
etc. At receiver, any of the spatial diversity combiningheique can be used.

Antenna selection uses a subset of total available anterfnasy MIMO system at the
transmitter, receiver or both sides simultaneously. Thergue of antenna selection has been
very effective in reducing the hardware complexity as thember of RF chains required will
be reduced. With these advantages, TAS systems are fourthitva full diversity order un-
like other MIMO systems such as V-BLAST which achieves dsitgrorder of the number of

antennas at the receiver. These advantages are achievedcaist of spectral efficiency. TAS
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does not give any spectral efficiency gain like V-BLAST whisltapable of improving spec-
tral efficiency as the order of number of antennas at the tmétes at the cost of hardware and
decoding complexity. Alamouti space time coding achiewdsdiversity order. However, it
requires same number of RF chains at the transmitter as thderuof antennas in addition
to synchronization. Different selection criteria eithersbd on maximizing channel capacity
or maximizing SNR may be employed. TAS can be used with anpefiversity combining
techniques at the receiver such as MRC, SC, etc. dependitige@illowed level of complexity
and the performance quality of service (QoS) requirements.

Another system with single transmit RF chain is SM MIMO systdJnlike TAS systems,
SM can not achieve full diversity. However, SM systems aghigain in terms of spectral
efficiency by a factor of logarithm of number of transmittatennas to the base 2 which is less
than V-BLAST systems but in addition, SM systems need siR§lehain which overcomes the
disadvantage of V-BLAST systems. SM systems select antentransmit data based on the
incoming bit sequence. The bit sequences are mapped withramindex and corresponding
antenna is used to transmit information. Recently germgdlSM [13] has been proposed in
which multiple antennas are activated at a time but it haBdrigecoding complexity than SM

with single antenna activation.

1.1 Thesis Contribution
Some of the contributions of this thesis are enlisted below:

1. Performance analysis of TAS systems ayer u fading channels
(a) TAS systems with MRC receiver are analyzed over i.i.dlinfg channels. Infinite
series expressions are derived for error performance gaodliercapacity.

(b) The derived expressions have been validated througimgixe Monte Carlo simu-

lation results.
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2. Performance analysis of TAS systems aver u fading channels

(@) TAS systems with MRC receiver are analyzed over i.i.dlinfg channels. Closed
form expression for outage probability and infinite serigsressions for error per-

formance and ergodic capacity are derived.
(b) The derived expressions have been validated througimsixe Monte Carlo simu-

lation results.

3. Simplified expressions for approximate error analysiSMfMIMO systems oven — u

andk — u fading channels

(@) SM MIMO systems are analyzed over i.i.df — u and Kk — u fading channels.
Closed form expressions for approximate error performamterms of elementary

functions are derived.
(b) The accuracy of analytical expressions has been velifiédonte Carlo simulation
results.
4. Application of TAS systems in two hop relaying systems
(a) TAS scheme applied on two hop relaying systems with MIM@es and their error
performance is analyzed over— u andk — u fading channels
(b) The derived expressions have been validated througimsixe Monte Carlo simu-
lation results.
5. Application of TAS systems in SM based MIMO systems
(a) TAS scheme applied on SM based MIMO systems and theigeyteobability is
analyzed over Rayleigh fading channels.

(b) A closed form expression for OP is derived and validakedugh extensive Monte

Carlo simulation results.
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1.2 Thesis Organization

This thesis is divided into eight Chapters. A brief desaoiptof content of each Chapter is
given below.

In chapter 2, we give overview of TAS and generalized fadingnmels. It introduces TAS
criterion for different receive diversity combining schesndifferent generalized fading distri-
butions and the fading parameters of generalized fadingratia to represent some well known
fading distributions as their special cases.

In chapter 3, we present OP, BER/SER and channel capacityseéaf TAS/MRC systems
for arbitrary number of transmit and receive antennas gvei fading channels. Closed form
expression for calculation of OP for TAS based MIMO systener & — 1 fading channels and
computationally efficient expressions of OP over Nakaganaind Rayleigh fading channels in
comparison to those reported in [14] and [1] are presentduhite series expressions for exact
SER, ergodic capacity and simple expression for asympg&#R of TAS/MRC systems for
several modulation schemes are derived. We also preseresihiés of Monte Carlo simulations
to validate our analytical results.

Chapter 4 presents analysis of SER performance and ergaubcity of TAS/MRC systems
overn — u fading channels. We derive expressions for SER (exactoappate and asymp-
totic) for several modulation schemes and ergodic capaLity exactness of all the expressions
has been validated with the help of Monte Carlo simulaticgults. The variation of ergodic
capacity with fading parameterg @ndu) is also studied.

In chapter 5, we derive infinite series expression for enchtbBER of two-hop relaying DF
cooperative communication (CC) systems over generaligedu andk — u fading channels
for BPSK modulation scheme with transmit antenna sele@t@ource node and relay node as
well such that the received SNR at the destination node isSrmaead.

In chapter 6, performance analysis of SM MIMO systems isgresi. Simple analytical

expressions for approximate SER in terms of elementarytimmg are derived ovet — 1 and
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n — u fading channels for various modulation schemes.

In chapter 7, we analyze the outage probability of TAS SM MIiMdgtems. A closed
form expression for outage probability of TAS SM MIMO systwver flat Rayleigh fading
environment is derived. Analytical results are validatsthg Monte Carlo simulations and
they are in close agreement.

Summary of the work presented in this thesis with conclusanmd possible future directions

have been presented in chapter 8.
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CHAPTER 2

OVERVIEW OF TRANSMIT ANTENNA
SELECTION AND GENERALIZED FADING

CHANNELS

Multiple antennas at transmitter and receiver bring deastiprovement in the capacity and
performance of wireless communication systems comparsohgie antenna systems. But the
disadvantage being multiple RF chains consisting of fiJteesjuency up and/or down convert-
ers, low noise amplifiers, analog to digital converters (Ap@nd digital to analog converters
(DACs) bring hardware complexity and increased power congion. In addition, detection
at the receiver also becomes computationally complex, doeding complexity is of the ex-
ponential order of product of number of antennas at the mnétey and receiver. To overcome
these issues, the technique of transmit antenna selectispraposed at the same time exploit-
ing the advantage of all the antennas being in the systemntenaa selection, only a subset
of total available antennas is made active at a time. In tfesis, unless it is mentioned, we

consider single antenna selection at the transmitter.
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Appropriate
Input . * | Diversit To Detector
° y —>
Antenna * | Combiner

Selector | e .

T Feedback

Figure 2.1: System Model of TAS MIMO Systems [1]
2.1 Antenna Selection

Different criteria for TAS explored in the literature arece&ved SNR, channel capacity and
Euclidian distance [15, 16]. In this thesis, we have limibedselves to TAS based on received
SNR in which single antenna is selected at the transmittéechmmaximizes the received in-
stantaneous SNR. However, it does not require the estimati&knowledge of channel state
information at the transmitter. The transmit antenna winm@ximize received SNR is esti-
mated at the receiver and the information is made availalti@hsmitter through very low rate
feedback link. Different diversity combining techniquesde used at the receiver with TAS of
which MRC and SC are most commonly explored in literatureabee of optimality of MRC
and simplicity of SC. The block diagram of TAS system with tigdadiversity combining at
receiver is shown in Figure 2.1. It consists of a feedbadk fiom receiver to transmitter so

that receiver can send information about the antenna thatmmes the received instantaneous
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Pl P2 eoe PLt Data P1 P2 e PLt Data

| Pilot Signals | | Pilot Signals |

Figure 2.2: Frame structure of TAS MIMO Systems [1]

SNR. According to this feedback information, the antenracter connects to corresponding
antenna and sends appropriately modulated data. Notehdbatntenna selector block is an
RF switch and hence it does not require the complete set offafn dor each antenna at the
transmitter. To select an antenna at the transmitter, af galod sequence is transmitted from

each transmitter antenna one by one and for each transmigsieiver compares the antenna
selection criteria as per diversity scheme to be implentkaiel intimate the transmitter about
the antenna maximizing SNR as in Figure 2.2. The antennats®lecriterion for both these

combining schemes are discussed in the following sections:

2.1.1 Selection Combining at the Receiver

SC is the simplest diversity combining scheme. In SC, or#ystiongest received signal among
all the received copies is processed further to detect thenmation. When SC is used with TAS,
only the antennas corresponding to the link which gives marn received SNR are activated.

The link which gives the highest received SNR is determined b

Isc=argmax{y; } (2.1)
1<i<M
1<j<N

wherelsc denote the link which gives maximum instantaneous SNR atebeiver and; ; is
the instantaneous SNR of the link betweaBhtransmitting antenna anfi" receiver antenna.
Only the antennas that correspond to the best link are maoe at a time in this case. We
refer to such systems als(1;N;,1) joint transmit and receive antenna selection systerhs. T

advantage of SC at the receiver is that it requires only onetRin at the receiver and hence it

10
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is easy to implement.

2.1.2 MRC at the Receiver

In this case, it is assumed that the number of RF chains aitvezde same as the number of
receiver antennas. MRC is used at the receiver. The reguéiceived SNR for MRC combining
scheme is given by = zwle Vo, Wherey, is the instantaneous SNR of th€' branch. The

transmitting antenna that maximizes SNR at the receivebeatetermined by

Imrc = arg max{ Wi= % m} (2.2)
1<i<N =1

where y ; denote total received instantaneous SNR witetransmitting antenna is selected

andlyrc denotes antenna index which corresponds to the transgiétitenna that maximizes

the received SNR. We refer to such systemsMsL(N;) TAS/MRC systems. MRC requires

as many RF chains at the receiver as the number of receiviegm@as. With this hardware

complexity, it promises optimum performance in terms offadality of error among all the

diversity combining schemes.

2.2 Generalized Fading Channels

The well-known fading distributions are obtained assunhiaghogeneous environment consist-
ing of point scatters which certainly is an assumption. lacgical, the reflecting surfaces are
spatially correlated most of the time characterizing a homogeneous environment. Yacoub
proposed two fading distributions namejy— u distribution andk — u distribution to model
generalized fading conditions in NLOS as well as LOS scesan wireless links for non-
homogeneous environment [17-19]. These distributionakse shown to be better fit to the
experimental data in their respective wireless scenararelver, the well known distributions
like Nakagami-m, one sided Gaussian, Rayleigh, Nakagamieg can be represented as spe-

cial cases ok — u and/orn — u distributions. These features are the key points to conside

11
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Kk — u and/orn — u fading environments in this thesis. The detailed desaniptif n — u and

K — u distribution can be found in the following subsections.

2.2.1 n — u Distribution

It is assumed that the multi-path components are receivéiform of clusters and the clusters
does not have any dominating or LOS component i u distribution. With this assumption,
it is best suited to model the practical fading channels irOSLconditions. The probability

density function (PDF) of) — u distributed normalized envelope can be given by

41
AT o e,

() e -3 (U @3

Py (%)

NI

wherepu > 0 is a fading parameter defined as= W [1+ (%)2] () is the Gamma
n—H

function, 1, (-) is the modified Bessel function of first kind and ordeN/(-) denotes the vari-

ance operatortdH and h are the functions of fading parametgrdefined for two formats as

follows:

Format 1

In this format, the in phase and quadrature phase compooithis envelope are assumed to be
independent and with different powergis defined as the ratio of power of in phase component
to the power of quadrature component. In this case,/p< o, H = ’rlT_” andh = %.
It can be shown that the valuestoandH are symmetrical aroungl = 1. Therefore, it suffices

to consider either@& n <lorl<n < oo,

Format 2

In this format, the in phase and quadrature phase compooithis envelope are assumed to be

correlated and with equal powers.is defined as the correlation coefficient between in phase

12
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Table. 2.1: Values of fading parameters to represent éfffiiading distributions as special case
of n — u fading distribution

Distribution Value ofn  Value of u

One sided Gaussian 1 0.25
Rayleigh 1 0.5
Nakagami-m 1 m/2
Nakagami-g (Hoyt) o 0.5

component and the quadrature component. In this cabe; n < 1, H = 1_an andh = 1_—1,72
It can be shown that the valuesloandH are symmetrical aroungl = 0. Therefore, it suffices

to consider either& n <lor—1<n <0.

n — u Distributed Power Variate

The normalized power variate gf— u distribution is the square of — u distributed normalized

envelope. Thus, the PDF gf— u distributed normalized power variate can be given as

(w) (2uHw) (2.4)

1
F(u)HH2 ’

P, 1
n—u >

whereu > 0 is a fading parameter defined jas= m [1—1— (%)2]

n — u distribution includes one-sided Gaussian, Rayleigh, iJakd-m and Hoyt fading
distributions as its special cases. The valueg efu fading parameters corresponding to these
special cases are listed in Table 2.1. The PDFs for speakazn — u distributed normalized
envelope corresponding to values of fading parameterdaitegand can be observed in Figure

2.3.

13
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15 . . . . .
\ - _~Nakagami-m (n = 1, p=1.5)
: / Hoyt (n = 0.25, u=0.5)
8 Rayleigh (n =1, p=0.5)
= One sided Gaussian
05 (n =1, u=0.25) N
0 1 1 1
0 0.5 1 15 2 2.5 3

Figure 2.3: PDFs of some special caseg ef u distribution

2.2.2 K — u Distribution

Unlike in n — u fading, ink — u fading, it is assumed that the in-phase and quadrature phase
components are independent and have equal powers. Bug gdme dominant components
considered to be LOS components. 86; u distribution is best suited to model the practical
fading channels in presence of LOS component. PDE-efu distributed normalized envelope

can be given by

p+l
2u(l+k) 2, _
fxe_, (X) = %x’“‘e “(”“)leu_l (ZHX\/K (1+ K)) (2.5)
K 2

wherex is the ratio of power in the dominant (LOS) components todfiatattered components

_ 1 14
andu = VRE ) Lk

14
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Nakagami-m (k = 0, u=3)

Rician (k = 2, u=1)

1 . i
< Rayleigh (k =0, u=1)
v:i : :
Q_Ix
One sided Gaussian
05 (k=0, u=0.5)
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Figure 2.4: PDFs of some special caseg ef u distribution
K — u Distributed Power Variate

The power variate ok — u distribution is the square af — u distributed envelope. Thus, the

PDF ofk — u distributed normalized power variate can be given as

1+kK) 2 w1
fo_, (P) = “(“%puz e HA+HOP, <2[,l\/K(l-|-K)p> (2.6)

1 142k
V(Pe_p) (1+K)

K — u distribution includes one-sided Gaussian, Rayleigh,&Ri@nd Nakagami-m fading

whereu =

distributions as its special cases. The values ofu fading parameters for these special cases
are listed in Table 2.2. The PDFs for special caseg ofu distributed normalized envelope
corresponding to values of fading parameters are plottddcan be observed in Figure 2.4. It
can be observed that the PDF curves shift towards right forzeoo values ok when compared

with the same value g (see Rayleigh and Rician case in Figure 2.4).

15
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Table. 2.2: Values of fading parameters to represent éffficiading distributions as special case
of k — u fading distribution

Distribution Value ofk  Value of u

One sided Gaussian 0 0.5
Rayleigh 0 1
Nakagami-m 0 m
Rice K 1

2.3 Literature Review

The existing literature on SM, TAS with MRC at receiver (TAMIRC) and joint transmit and
receive antenna selection systems have reported clos@doioinfinite series expressions for
different performance metrics such as bit error rate (BERjymbol error rate (SER) and out-
age probability (OP) over various fading channels for ssveodulation schemes. Summary
of some of the existing literatures on TAS, SM, applicatibiAS on various wireless commu-
nication systems and others related to this thesis is giveniéf as follows.

The technique of TAS has become popular since Sollenbergpoped TAS with SC at the
receiver (TAS/SC) in 1993 [20]. Thoen et. al. modified thetsysmodel further to take ad-
vantage of MRC diversity and proposed TAS/MRC [21]. Both][@0d [21] show that TAS/SC
and TAS/MRC systems achieve full diversity order withodeefing the spectral efficiency of
the basic modulation scheme being used. Analytical cloged &xpressions for OP and BER
of TAS/MRC systems with binary phase shift keying (BPSK) miation over independent and
identically distributed (i.i.d.) Rayleigh fading chanselre derived in [1]. It is also shown
that TAS/MRC systems provide better SNR gain and BER perdoca when compared with
STBC systems with same number of antennas at the transuuittiethe receiver. This perfor-
mance improvement is justified by the fact that in STBC, tetaérgy per symbol is shared
among the transmit antennas while in TAS/MRC single antdranag active, it transmits with

the full transmit power. The performance of TAS systems dNakagami-m fading channels

16
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is analyzed and reported in [14, 22-24]. In [22], authorsiaes] Nakagami-m fading chan-
nels with integer values of fading parameteto analyze the error performance of TAS/MRC
systems with various coherent modulation schemes andedieciosed form expression for the
exact BER. With the same assumptions, TAS systems with S€aiver are analyzed in [23].
TAS/MRC systems over Nakagami-m fading channels with raales of fading parameten
are analyzed and infinite series expressions for OP and BERt(end asymptotic) are derived
for M-ary phase shift keying (MPSK) modulation and M-ary dueture amplitude modulation
(MQAM) schemes in [14]. In [25], the OP analysis of multiu3&S/MRC systems over arbi-
trary Nakagami-m fading channels has been analyzed. Rgoemor performance and channel
capacity of TAS/MRC systems over Hoyt fading channels iestigated and closed form ex-
pressions are reported for two receiving antennas in [26¢rd are literatures which reported
performance analysis of TAS based MIMO systems over cae@ltading channels [27-29],
but in this thesis, we limit to the literatures related to TB&ed MIMO systems over indepen-
dent fading channels.

M. D. Yacoub proposeq — u andk — u distributions to model the fading channels in non
line of sight (NLOS) and line of sight (LOS) conditions respeely [17-19]. It is also shown
that these distributions are better fit to the experimerdtd dnd these are capable of represent-
ing the classical fading models such as Rayleigh, NakaganpNakagami-q (Hoyt), Rician and
one sided Gaussian distributions as their special casesré@revious works have analyzed
the BER/SER performances of single input single output@§l&nd single input multiple out-
put (SIMO), also known as diversity combining schemes ovet.ik — u andn — u fading
channels [30-36]. Closed form expressions of moment gangriunction (MGF) ofn — u
and k — p distributions in the form of elementary functions are reedrin [35]. Using the
closed form expressions of MGF, closed form expressionglaneed for error performance
analysis of digital modulation schemes over u andk — u fading channels [36], the same
analysis is applicable to analyze error performance ofrdityecombined digital modulation

techniques. BER/SER performance of MRC system is analyzédalosed form expressions
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for MQAM schemes with MRC diversity combining technique owe— u andn — u fading
channels in [30, 31]. The L branch SC SIMO systems with birtadyerent and non-coherent
modulation schemes are analyzed for SER averu andn — u fading channels in [32] but
it does not consider MQAM modulation scheme which is beinglemented in next gener-
ation wireless communication technologies, even the ablacapacity has not been reported.
Recently, the multiple input single output (MISO) systenerevanalyzed for throughput over
k — u fading channels [33]. Closed form expressions for prolitgof error and channel ca-
pacity for selection diversity combining has been repoimel@4], but it restricted the analysis
only to integer values qft.

Some of the literature also explored the effect of TAS on epative relaying systems based
on both Amplify and forward (AF) and Decode and forward (DFR)tpcols [37—47]. Most of
the existing literature on TAS based relaying systems anajyerror performance considered
AF protocol at the relay node over Rayleigh and Nakagamidimtachannels [46,47]. Whereas
much work is done on OP analysis of DF based relaying with TAsarce and/or relay [41-
43,45]. BER of TAS based relaying systems with DF protocoékty node has been analyzed
in [44], however, it does not consider a direct link betweearse and the destination.

Some of the advances in research towards implementatioimgandvements of SM MIMO
systems reported in literature is summarized as follows. NIMIO systems have been pro-
posed and analysed in [48, 49]. It is already reported tHdtMBMO systems outperform the
other MIMO systems like Alamouti STBC and V-BLAST for the sarspectral efficiencies
with computationally much simpler decoding algorithms][4® [50], an optimum detection
technique for SM is proposed with added computational cexifyl in detection algorithm that
gives better performance in terms of error rate. It also neploexpression for BER of SM
MIMO systems with BPSK modulation over Rayleigh fading chels. Later, computation-
ally efficient decoding algorithms are proposed in theditere for optimal detection technique,
they are signal vector based detection scheme and gemeralihere decoding. Signal vector

based detection [51] is a decoding technique for SM MIMO incllcomputational complex-
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ity is independent of signal constellation size and depemdig on the number of antennas at
transmitter and receiver but it gives error performancesparable to the optimal maximum
likelihood (ML) detection technique only for lower SNRs wh&®AM scheme is used [52].
Generalized sphere decoding [53] also brings reductiommputational complexity with al-
most similar error performance as that of ML detection sakelm [54], authors analyzed per-
formance of SM MIMO systems over Nakagami-m fading chanf@i$iigh SNR conditions
and derived expressions for upper bound on BER. Generaike(GSM) with multiple active
antennas simultaneously at transmitter is proposed intfil8thieve higher spectral efficiency
than that of SM but it has added disadvantages of inter aateymchronization and more com-
plex detection process. Recently, improved spatial mdidulds proposed that achieves further
reduction in hardware complexity at receiver [55]. Perfante analysis of SM MIMO systems
over generalized fading has been reported in [56] and itrtedcanalytical results over Ri-
cian, Rayleigh and Nakagami-m fading channels. In [57harg analyzed BER of SM MIMO
systems over generalizeg— u fading channels. TAS has been recently applied to SM based
MIMO systems [16, 58] and it is reported that TAS based SM MIBy3tems show improved

performance.
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CHAPTER 3

PERFORMANCEANALYSIS OF MIMO
SYSTEMS WITHANTENNA SELECTION
OVER GENERALIZED K — U FADING

CHANNELS

Performance analysis of TAS based MIMO systems and relatsshrch is available in [1, 14,
22-24, 26] over fading channels like Rayleigh, Nakagamind Bloyt. These analysis con-
sidered MRC and SC diversity combining techniques at theivec However, no study has
been reported over the fading channels with LOS componkatRician andk — u. Kk — u
distribution is better fit to experimental data and it in@adRician channel as its special case as
well [17].

In this chapter, we present OP, BER/SER and channel capattysis of TAS/MRC sys-
tems for arbitrary number of transmit and receive antenwas 10— u fading channels. We
derive closed form expression for calculation of OP of véssl MIMO systems with antenna
selection at transmitter as well as receiver aver 1 fading channels. We further give expres-
sions for OP over Nakagami-m and Rayleigh fading channetdpeasial cases of — u fading

which are computationally efficient than those reportedld] for Nakagami-m and in [1] for

20
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Rayleigh fading channels. We derive the infinite series esgions for exact and asymptotic
SER of TAS/IMRC systems for several modulation schemes. Xpeession for ergodic chan-
nel capacity for TAS/IMRC systems over— u fading channels is derived. It is important to
note that all the expressions derived in this chapter fdioperance analysis of TAS/MRC sys-
tems are also applicable to joint transmit and receive aiatsplection systems. We also present
the results of Monte Carlo simulations to validate our atiedy results. Through simulations,
we compared OP, SER and ergodic capacity of TAS MIMO systeitts MRC and selection
diversity combining strategies at the receiver to dematestthe superiority of TAS/MRC sys-
tems over joint transmit and receive antenna selectioresyst We also studied the variation
in ergodic capacity with increasing values of fading partrsgek andu. It is found that the
ergodic capacity degrades with increase in the strengtfO8 tomponent and/or reduction in
the severity of fading, i.e increasing the valuekaindp.

Further, this chapter is organized as follows. In the negtise, we describe system and
channel model. We derive the PDF of received SNR for TAS/MR€&en overk — u fading
channels. Closed form expression for OP calculation ivddrin section 3.2. The expressions
for exact or approximate and asymptotic error probabdioé TAS/MRC systems for various
modulation schemes over— u fading channels have been derived in section 3.3. In se8thn
we derive expression for ergodic capacity of TAS/MRC andtjtiansmit and receive antenna
selection systems over — u fading channels. In section 3.5, we present the analyticdl a

simulation results with related discussion and the chaptemmmarized in section 3.6.

3.1 System and Channel Model

3.1.1 System Model

We considered aN; x N, MIMO system havind\; antennas at transmitter side addantennas

at the receiver side. It is assumed that only one RF chaireitadole at the transmitter. The an-
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tenna which maximizes the received SNR is selected at therriter to send the information.
Assuming that the fading coefficients froffi transmitting antenna tif" receiving antenna is
represented b, for i € (1,2,...,N) and j € (1,2,...,N;). TAS criterion for SC and MRC

diversity schemes at the receiver are discussed as follows:

Selection Combining at the Receiver

In this case, we select only one antenna at the receiver anthskantaneous SNR becomes
y \hj,i \2 for an average SNR af. Using (2.1), the link which gives the highest received SNR i

determined by

Isc=arg max{yf,ji =v|h;,i }2}
1<i<N
1<J<Nr

= argmax{y{ i = |hi,il } (3.1)
1<i<N
1<j<N

wherey ji denotes the instantaneous received SNR of the link f8rtransmitting antenna and

j!" receiving antenna.

MRC at the Receiver

In this case, the resulting instantaneous received SNRMRE is given byy ', yh = z?‘;l |hj.i ?

wherey; is the instantaneous SNR of th® branch. The transmitting antenna that maximizes

SNR at the receiver can be determined by using (2.2) as

IMRc = argmaX{w. VZ\hJ.\}
—argmax{y{. Z\hj.\} (3.2)

1<i<N
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3.1.2 Channel Model

In this chapter, we assume the fading envel@bq}i\) to bek — u distributed. We already
discussed about the PDFs wf— u distributed envelope and square variate in the previous
chapter. The PDF ok — u distributed instantaneous SNR at each receiver antennbean
obtained by scaling ok — u distributed random variable in (2.6) by a factor of averafjfiRS

Y [17]. It can be given as

B -1
1+K) 2 y 2 _ Bty K(1+K
pYK—u (y) = “( u—1 );1+1 - € Y I[J—l <2“ u) (33)
K 2y 2 eHK

wherek > 0 andu > 0 are fading parameters as defined in Chapter X feru square variate
of k — u distribution.
The cumulative distribution function (CDF) of received SldReach receiver antenna can

be given by

o) <1 v 2] o

whereQm(a,B) is Generalized Marcum Q function with the argumenmtsa“and 3 to be

positive real valued numbers.

3.1.3 PDF of Received SNR after Antenna Selection

Eachy ji or y; fori e (1,2,....Ny) and j € (1,2,...,N;) obtained from (3.1) or (3.2) are ar-
ranged in ascending order such that) < % (»),... < %) Wherey () is the random variable
obtained after the arrangement in ascending ordeNad\;N; or N; for joint transmit and re-
ceive antenna selection or TAS/MRC systems respectivelJAS/MRC system, we select the
transmitting antenna corresponding to the highest rededR (W,(Nt)) when MRC diversity
technique is used at the receiver. In joint transmit andivecantenna selection, the transmit
antenna and the receive antenna that maximizes the rec®NBd it (nn,)) are selected. The

PDF of received SNR in such a system assuming(\ddjj

)’s are to be i.i.d. can be given
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by [59]
N 1
p%(N N{P&f
) N-1
l-I—K y
1-Q
H(1+K) =a “% H(L+K)y (14 k)
=L A Y Ty A (3.5)
K2y 2 eHK y

It should be noted that (3.5) applies to TAS/MRC as well astjdiansmit and receive
antenna selection schemé$= N; for TAS/MRC andN = N;N; for joint transmit and receive
antenna selection arfg; (y) is the CDF ofyt. For TAS/MRCy is k — N, u distributed as it is
sum ofN; i.i.d. Kk — u square variates [17]. Hence, in all subsequent expresgisisll be
interpreted ad\, u for TAS/MRC systems and it remains as it is for joint transamtl receive

antenna selection systems.

3.2 Outage Probability

In this section, a closed form expression for OP of MIMO sysevith antenna selection is
derived fork — u fading channels. The closed form expression is evaluatedifferent fading
scenarios as special casexof u fading. OP is the probability that the instantaneous SNR at

the receiver is less than a certain threshold SR60]. Thus, outage probability can be given
by
Pout (V; ¥h) = P (Y < Wn) (3.6)

So, the OP which is the CDF of (3.5) can be given as

Yth
Pout (7. ¥n) /{N (1—Qu (W | &;Kﬂ))

0

u
2 (14K)x
ML 7 X e‘%m(z;l 7"‘1;")X>}dx (3.7)

N-1
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Following the steps discussed in appendix A.1, the integfrdB.7) can be solved to get a

compact closed form expression for OP as

N

Pout (7, ) = (1—Qu <\/2K , M)) (3.8)

y
The above expression of OP is in the form of Marcum Q functibicivcan be easily evaluated
using the computation tools like MATLAB and MATHEMATICA. Ulsy [61, (4.71)] andk — O
and the fading parameter valugss= m, the OP of TAS/MRC systems over Nakagami-m fading

channels can be given by

M
Pout (V, Ytn) = (1— r<my>) (3.9)

r(m)
whererl (a,b) is the upper incomplete Gamma function. The above expre$sidOP is com-
putationally simpler than (8) of [14] which is a summationiwfinite series. The expression
(3.9) is valid for integer and non-integer values of Nakapfting parametem. For integer

values ofm, it can be alternatively represented in form of finite suneseas

In (3.9) and (3.10), the fading parameteis to be interpreted asN andmfor TAS/MRC
systems and joint transmit and receive antenna select&irmg respectively. Using=1in

(3.10), it gives the OP of TAS/MRC systems over Rayleighrigdthannels as

k\ N
_ _Mfol(Nrfh)
Pout (V. ¥n) = | 1—€ 7 Kl (3.11)
V= !

The above expression involvdl addition operations and two power operations. Hence, it

is computationally more efficient than (9) of [1] which inves number of addition and power
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operations of the ordé¥;N;. This difference will become more significant when we coesid

large MIMO systems [62] with hundreds of antennas at thestratter and receiver.

3.3 Error Performance

In this section, we derive expressions for exact SER of TASIOVsystems for BPSK, binary
frequency shift keying (BFSK) and M-ary pulse amplitude miation (MPAM) schemes and
approximate SER of TAS/MRC systems for MQAM, MPSK and quadephase shift keying
(QPSK) schemes. BER of a wireless communication systemeaalbulated by averaging the
conditional probability of error (CPE) over the PDF of out@NR. The exact CPE for various

modulation schemes and approximate CPE for MPSK can be given
Pe(y) = aQ(v/by) — @ (/by) (312)

whereQ(-) is the Gaussian Q function which gives the area under theftailGaussian curve
0 ul

and is defined aQ(h) = \/%Tfe(T)du, y is SNR anda, b andc are modulation dependent
1]

parameters listed in Table 3.1.

The SER can be given by

E:/Pe(y) Py (V) dy = —/Hé(v) Py (Y)Y (3.13)
0 0

whereP, (-) is the first derivative of CPE arigy ,, (y) is the CDF of output SNR.

3.3.1 BPSK and MPSK Modulation Schemes

From (3.12) and Table 3.1, the CPE for BPSK and MPSK can bengivéhe formP:(y) =
aQ(4/by) with a= 1, andb = 2 for BPSK anda = 2, andb = sin(rr/M) for MPSK, respec-

tively. So, SER can be given as
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Table. 3.1: Modulation parameters for various modulatidmesnes [2, 3]

Modulation Scheme a b C
BPSK 1 2 0
BFSK 1 1 0
MPSK 2 2sif({) 0

M—1 6
MPAM VA P 0
QPSK or MSK 2 2 1
Coherent DPSK 2 2 2
2
VM-1 3 VM-1
MQAM A G

=~ a /b rez 2U(1+K)y
Pe_éﬂ/_mo/ W(l—QH <\/2K e )) dy (3.14)

Qm(+,-) can be represented in the form of infinite series for integewell as non integer

values ofnias [61]

Qm(a,ﬁ)zl—eoﬂ;ﬁzi (§> I (aB) (3.15)

r=m
and the modified Bessel function in the series representafi@ (-,-) can also be repre-

sented as an infinite series as follows [63, (8.406.1), B}40

I (@) = ;m@)% (3.16)

Using (3.15) and (3.16) in (3.14), the SER can be given by
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AN Nk o (k!
\/7%; - <K_> — e<£)VVN;‘dV (3.17)

|_| Sllr S.+r.+u+1)

whereN _Nu-l—Zr.-l-zSK— 2D Al YD RS andy = 5 Y ...
i=1 i=1 Rn =0ry= N =

Then SER can be evaluated as

N\ N
K[.l | 1 (K_> “e*NKN r NH+%>
%; W (3.18)
2m Ny—3

|‘| SIF(s+ri+u+1) (53+K)

We evaluated the above infinite summation by truncating saattimation to firsP terms,
P P

P
e. Y B W . Z and Z = Z Z S . Figure 3.1 shows the BER for different
RN r1=0r,=0 rN_ $1=05,=0 sN:O
values ofP for the SNR values of 0dB, 5dB, 10dB and 15dB for BPSK modafaticheme. It
is observed that the BER values converge very fastane- 10 gives sufficient accuracy in the
numerical values.
The expression (3.18) can be simplified by truncatig zero for each of the summation

variables(y, ro, ..., ry ands;, S, ..., SN) to give the asymptotic error probability.

Ny
K) e Nku 1
Pe_g /b(N) M (Np+3) (3.19)

2m T (u+1) (§+K/)Nuf%

The above asymptotic expression is a lower bound to the &&RISER and it approaches
the exact value at high SNR conditions. The expressions8)Y&and (3.19) are valid for any
values of fading parameters, number of transmitter anteana number of receiver anten-
nas. (3.18) gives exact BER for BPSK modulation scheme aptapmate SER for MPSK
modulation scheme. (3.19) gives asymptotic BER for BPSK asyinptotic SER for MPSK
modulation schemes applied to TAS/MRC MIMO systems. One ns&the appropriate values
of aandb as listed in Table 3.1 for specific modulation scheme like BRSd MPSK.
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BER

—&4&— SNR=0dB
—&— SNR=5dB
—<— SNR=10dB

0 2 4 6 8 10 12 14 16
Summation Variable (P)

Figure 3.1: Plot showing fast convergence of (3.18), BER31;1) TAS/MRC system for
k=15andu=1

3.3.2 MQAM and QPSK Modulation Schemes

In this subsection, we derive expressions to analyze appeig error performance of TAS/MRC
MIMO systems with MQAM and QPSK modulation schemes. We useRMi@sed approach
to derive the expressions for SER. The CPE of (3.12) can beogjppated as a sum of two

exponential functions [64]. The derivative of approxim@tE can be given as

by _ Thy
, ab ez bc ebv bc e s

F) ™ — -,
© 2y2mb VY  12V2mb VY  4V2mb VY
SubstitutingPé of (3.20) in the expression of SER (3.13) and comparing tkaltieag ex-

1%

(3.20)

pression with the definition of Laplace transform, one cad firat SER can be represented in

P
the form of Laplace transform GT}%

: Py (V) .
The Fourier transform ofy“\'“[—)y can be given as
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- INlr(N 23) (eMuyy ) uaie )0
%; slr +r.+y+1)< H(1+K)>(Nu(1+K)+SV> (3.21)

Then, using above equation, the SER can be given by

-  ab b bc bc 7b
"= o (5) "oz O 4 ( ) 922

From (3.21) and (3.22), the asymptotic error performano@€ bound) can be evaluated

by truncating the values of all summation variables to be@,zee. 1, ro, ..., ryn =0 and

S1, 2, -y N :O)

3.4 Channel Capacity

The maximum data rate for reliable transmission or the cbbceapacity is one of the measure
for performance analysis of wireless communication systeim this section, we consider er-
godic channel capacity as a performance measure and cosrgaric capacities of TAS/MRC
and joint transmit and receive antenna selection systemskov u fading channels. The in-

stantaneous capacity of the chanr@&id) can be given by [61]

Cinst = Blog, (1+y) bits/s (3.23)

where B is the channel bandwidth. It can be averaged overiited? received SNR to obtain

ergodic capacity per unit bandwidth as

= / log, (1+ V) Py, (v)dy (3.24)

Using (3.15) and (3.16) in (3.5), the pdf of received Sl‘fbl;&N) (y) can be given as
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N !

(9) () e ()™

Py (V) = Ne KK (3.25)
;RNzl |'| C(s+ri+u+1)T (SN‘FH).HlSi!

Using (3.25) in (3.24), the ergodic capacity per unit barttivcan be evaluated using Mathe-

matica as

N
- S
Cerg _NeﬁNIJK (Ku)igl (

y n(2) Nlr(SN+IJ).H1$! 'Tlﬂllr(S‘Hi'Hi‘i‘l)

(_F<N“K> HNK R ({11}, {2.2- N, K)

sin (N, )
o () (Sln&n) (N (in () +y© (N;))) ) (3.26)

where In(-) is natural logarithmi()(-) is the(i + 1)t derivative of logarithm of Gamma func-

tion andpFy ({al,az, ...ap}, {b1, by, ...,bq},z) is the generalized Hypergeometric function.

However, for integer values @f, following the steps of [65], it can be evaluated as

6erg _Ne_N“K <Ku)igls (KW/>NL ] (N’/‘> eK/ N (m_ N’/‘)

B (2 R“1r(SN+u)Ells!ﬁgllr(s+ri+ﬂ+1)m=1 (K)

(3.27)

3.5 Results and Discussion

In this section, numerical and simulation results are prieskfor OP, BER or SER and ergodic
capacity of TAS/MRC systems as well as joint transmit an@irecantenna selection systems.
We simulated TAS/MRC systems and joint transmit and recantenna selection systems for
various values of fading parametersdnd ).

In Figure 3.2, the analytical and simulation OP results a@w for a (3,1;2) TAS/MRC
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Analytical
O  Simulation

Outage Probability

‘ ‘ ‘ ‘ ‘ ‘ 0
10 1 1 1 1 1 1 1 1 a 1 1 1 1
5 -3 -1 1 3 5 7 9 11 13 15 17 19 21 23 25
SNR (dB)

Figure 3.2: Outage Probability of (3,1;2) TAS/MRC systereiov— u fading fork =0, gy =m
for yh =3
system for Nakagami-m fading case wikh— 0 andu = m(a special case &f — u fading). The
analytical and simulation results are plotted for m= 0.5nd 4.5 for R=2 bits/s/Hz. It can be
found that the results are the same as shown in [14, Fig. 1llcaigare the OP of TAS/MRC
and joint transmit and receive antenna selection in Figuse Bor this comparison, we have
considered % 2 MIMO systems. It is observed from the slopes of curves tb#dt BAS/MRC
and joint transmit and receive antenna systems give fullrdity order but TAS/MRC systems
are superior than the joint transmit and receive antenmigeh systems. TAS/MRC systems
in the presented case give 1.5-2dB SNR gain over joint tréresmd receive antenna selection
systems.

We simulated(3,1;N;) TAS/MRC systems fox = 0 anduy = 1,1.5 and 2 with BPSK
modulation scheme. The exact, asymptotic and simulatismteof BER for different values
of SNR are givenin Figure 3.4. Itis observed that with inseei the value of fading parameter

(1), BER performance of TAS/MRC systems shows improvemens. dtso important to note

32
TH-1419 10610212



Performance Analysis of MIMO systems with Antenna Selectver Generalized
Chapter 3 K — i Fading Channels

- — —TAS/MRC
Joint Ant. Sel.

Outage Probability

SNR (dB)

Figure 3.3: Outage Probability comparison of TAS/MRC andtjtransmit and receive antenna
selection systems over— u fading channels fog, = 3

10 7777
..................... *  Simulation
o Exact
10 3 : B .
HEREEE I g———AsymptOtIC

BER

SNR (dB)

Figure 3.4: BER performance of TAS/MRC systems oker u fading channels for BPSK
modulation
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10

Analytical
Simulation

SER

10 L @GLDk=lpElT T R NS

- (3,1;1) k=2 p=1

SNR (dB)

Figure 3.5: SER performance @f, 1;N,) TAS/MRC systems ovet — 1 fading channels with
4-QAM modulation

that the asymptotic performance shown is a lower bound on BEEEe account of truncating
the infinite series expression by first term.

The TAS/MRC systems were also simulated with different nena antennas at transmitter
and receivel(N;, 1;N;) for different values of fading parameters with 4-QAM modidas to
validate the expression (3.22) derived in previous sedtoapproximate SER. The analytical
and simulation results for various values of fading paramseare shown in Figure 3.5. The
approximate SER obtained analytically is found to be inelagreement with the simulation
results. In this case, we also show the results for non integjees of fading parameters énd
W) to verify that the expressions derived in this chapteri@smqually good for integer and non
integer values of fading parameters.

For the sake of comparison, we present the simulation s, 1;N,) TAS/MRC and
(2,1;N;, 1) joint transmit and receive antenna selection systems wiffA# modulation for

various values of fading parameters. The SER performanoganson is given in Figure
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Cooiiriiiiiorriooiiooootl — % — Joint Ant. Sel.

o L Ce L .| —&— TAS/MRC

SER

SNR (dB)

Figure 3.6: SER performance comparisoriafl;N;) TAS/MRC systems an, 1;N;, 1) Joint
transmit and receive antenna selection systemswovep fading channels with 4-QAM mod-
ulation

7 T T T T T T

_ S
%  Simulation TAS/MRC N=2
ol Analytical TAS/MRC CN=3_ T
. i r oA <" W
— — — Simulation MRC : ‘/ ‘g
. ——&— TAS/SC Simulation Py o o k
. ‘ ‘ ‘ . v

Ergodic Capacity (Bits/s/Hz)

SNR (dB)

Figure 3.7: Ergodic capacity comparison of SISO, MRC, TAS&hd TAS/MRC systems
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Figure 3.8: Capacity variation of (2; 3) TAS/MRC system with different values gfandu

3.6. Again, TAS/MRC systems perform better than joint train®nd receive antenna selection
systems. At SER of 10%, an SNR gain of about 2dB and 3dB is observed for TAS/MRC
systems compared to joint transmit and receive antennetgglesystems foN, =2 andN, = 3
respectively. Furthermore, the slopes of SER curves of the@lsystems is observed to be the
same indicating the same diversity orders of both the system

Figure 3.7 shows the simulation and analytical results fgo@ic capacity of TAS/MRC
and joint transmit and receive antenna selection systenesal¥é show the ergodic capacity
of MRC diversity scheme and SISO system for comparison m&pdhe results are shown
considering x Ny MRC system(2,1;N,) TAS/IMRC system an@2,1;N;, 1) joint transmit and
receive antenna selection system. It can be observed thargfodic capacities improve as
we move from system to system following the order: SISO systeMRC diversity scheme,
TAS/SC systems and TAS/MRC systems.

A (2,1;3) TAS/MRC system was simulated to investigate theati@n in ergodic capacity

for different values of fading parameters é@nd u). The results are plotted in Figure 3.8.
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3 . 2.5
k=0, u=10, 5, 3, 1 p=1, k=15, 10, 7, 5, 2
25 T oL .
2_, 4
= =
T 15 1T
x 4
o o
1_, 4
1_, 4
0.5} 1997 1
0] : 0] :
0] 1 2 0] 1 2
X X

Figure 3.9: Figure to show reduction in the variability ofliflag coefficients with increasing
values ofk and/orpu.

The results are obtained for two cases, Ka} 0 andu varying from 1 to 10 and (by =1
andk varying from 1 to 10. It is observed that the ergodic capacitfAS/MRC systems
degrades when the values pfand/oru increase. From these results, it can be concluded
that the capacity degrades when the fading conditions bec@vere to less severe or the LOS
component becomes stronger. This can be explained by thibéevhernk — c and/oru — oo,

the channel becomes additive white Gaussian noise (AWGahra#l and hence the variability

of fading coefficients reduce with increasing valueg @nd/oru as observed in Figure 3.9.

3.6 Summary

In this chapter, we derived closed form expression for OPiafidite series expressions for
exact and approximate SER and capacity of MIMO transmitrardeselection over general-

ized i.i.d. kK —pu fading channels. We presented expressions for OP over dakag and
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Rayleigh fading channels as special caseg efu fading channels. The expressions of OP
over Nakagami-m and Rayleigh fading channels reportedisndhapter are computationally
efficient than the existing expressions. The closed fornresgioons are in the form of ele-
mentary functions or finite sum of elementary functions Wwhean be easily evaluated using
software packages like MATLAB and MATHEMATICA. We also dezd expressions for ex-
act/approximate and asymptotic BER/SER with arbitrary benof transmitting and receiv-
ing antennas for various modulation schemes. The expres$iergodic channel capacity for
TAS/MRC systems is derived. Simulation results for varitagsng parameter values have been
shown to validate the exactness of analytical expressiesalso compared the outage proba-
bilities of TAS/MRC systems with joint transmit and receargtenna selection systems to show
the superiority of TAS/MRC systems. The superiority of TMRC over joint transmit and
receive antenna selection systems in terms of error pegiocesnis demonstrated. The superi-
ority of TAS/MRC systems can also be observed from the resildtained for ergodic channel
capacity analysis. It is also shown that the less severadaahd/or better LOS component de-
grades the ergodic capacity of TAS/MRC channels but it impsdhe BER/SER performance
of TAS/MRC systems. This is similar to the findings of [26] ooyt fading channels, that the
TAS/MRC systems take advantage of antenna selection amigter and the channel capacity

increases with severity of fading.
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CHAPTERA4

PERFORMANCEANALYSIS OF MIMO
SYSTEMS WITHANTENNA SELECTION
OVER GENERALIZED N — U FADING

CHANNELS

The analysis reported in the literature for the SER and agpat TAS based MIMO systems
have not consideregl — u fading channels. Though, in a very recent paper, performanal-
ysis of selection combining ovey — u fading is reported for integer values pf[34]. To the
best of our knowledge, SER and capacity analysis has not iegemted in the literature for
TAS based MIMO systems with non integer values of fading ipeter 1.

In this chapter, we analyze the SER performance and ergagdanctty of TAS/MRC systems
overn — u fading channels. We derive expressions for exact, apprbe@nd asymptotic SER
performance for several modulation schemes. For our asalys use MGF based approach
to derive the expressions of SER. We derive expression abappate SER by approximating
the Gaussian Q function as a sum of two exponential func{@is The analytical expressions
are also applicable to the performance analysis of TAS/SBys in which only the best link

is active at a time. An expression for ergodic capacity of MSC system oven — u fading
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channels is also derived for integer values pf Zhe exactness of all the expressions has been
validated with the help of Monte Carlo simulation resultsnafly, the BER performance of
TAS/MRC systems and TAS/SC systems have been compared pedaity of TAS/MRC
systems over TAS/SC systems has been demonstrated. Theoraof ergodic capacity with
fading parametersj(andp) is studied. It is found through simulations that the ergadipacity

of TAS/MRC systems take advantage of high variability ofesevfading conditions to get better
ergodic capacities when the fading is more severe.

The remainder of this chapter is organized as follows. Imi section, we describe sys-
tem and channel model. We derive the PDF and the MGF of ret&WR. The expression
for approximate SER for various modulation schemes is ddria section 4.2.1. The expres-
sions for exact and asymptotic error probabilities of TABM systems for various modulation
schemes ovey — u fading channels have been derived in section 4.2.2 andset®.3 respec-
tively. The expression for ergodic capacity is derived iotes 4.3. In section 4.4, we present
the analytical and simulation results with related dismrssand the chapter is summarized in

section 4.5.

4.1 System and Channel Model

4.1.1 System Model

The system model assumed in this chapter is same as thatbaéelsor previous chapter. A
MIMO system withN; antennas at transmitter sidd, antennas at the receiver side and single
RF chain at the transmitter is under consideration. Thsaallonly one antenna at transmit-
ter to be active at a time. So, the transmission is done fr@matiienna that maximizes the
instantaneous SNR at the receiver. Let the fading coeftifeamit" transmitting antenna to
j'" receiving antenna is denoted hy; for i € (1,N) andj € (1,N;). The antenna selection

criterion for SC and MRC diversity schemes used in this atragrte discussed in section 3.1.
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4.1.2 Channel Model

In this chapter, we assume the fading envel@bqi \) to ben — u distributed. We already
discussed about the PDFs pf- u distributed envelope and square variate in chapter 2. The
PDF of n — u distributed instantaneous SNR can be obtained by scalimg-ef: distributed
random variable in (2.4) by a factor of average SNRL8]. After suitable scaling, the PDF of

received instantaneous SNR at each antenna can be given as

_ 2T RN ()
(M) HH3 ()2 &

wheren andu > 0 are fading parametens andH are functions of the parametgras defined

NIl

Yn—u

SR

in Section 2.2.1.
The CDF of received SNR at any single antenna outputferu fading channels is given

as

Pynfu (X) -

=
|
NIl

2JT(W)HTZhE T s (-24m)
h - y“ 2@ Y /|
(W) HE 2 (p)H T2 o/

The integral in the above expression can be solved by usmessxpansion of modified Bessel

2w

function and definition of incomplete Gamma function [63145, 3.351.1], i.e.

«© 1 W\ r+2s
(@)= Srr+s+1) <§> (4.3)
U o Yinc (€ +1,uUp)
| ePxax= Lo (4.4)

whereyinc(+, -) is lower incomplete Gamma function.
Use of (4.3) and (4.4) in (4.2) and further mathematical $ifiwptions leads to the expres-

sion of CDF as follows

o 2 2T W (BB 4y @5
Mo TR () &y BT (U+i+0.5) \ 2h '
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4.1.3 PDF and MGF of Received SNR after Antenna Selection

Eachy ji or ¢ fori € (1,N) andj € (1,N;) obtained from (3.1) or (3.2) are arranged in as-
cending order such that ;) < ¥ (o) < ... < § (n) Wherey () is the random variable obtained
after the arrangement in ascending order Bing N;N; or N; for TAS/SC or TAS/MRC sys-
tems respectively. In TAS/MRC system, we select the trattsrgiantenna corresponding to
the highest received SNR/tm)) when MRC diversity technique is used at the receiver. In
TAS/SC, the transmit and receive antenna pair that maxantize received SNRy (yn;)) is

selected. The PDF of SNR in such a system can be given by [59].

N—-1

pK(N) (X) = N{PM (X)} Py (X)

_ A N-1
| ol-2u /i1 & y<2u+2|,2“T;‘x> H 2
| MM (p) & T (u+i+05) \2h
p+3 Uy —% _ 2uyh
y 2/T(1) :h yH 12 e( 7 )|“_1 <M) (4.6)
M () HH=2(p)H 2 N\
Using the following set of expressions
XS
Mnc (S, X) = gq) (S,S+ 1, —X) (47)
®(a,b,—x) =e*®(b—a,b,Xx) (4.8)
®(a,b,x) = % (@) 4.9)
I~ & (D) k! '

Above expressions are (9.236.4), (9.212.1) and (9.210]68¢% Now, incomplete Gamma

function can be represented in the series form as

e X ® Xs+k

Yinc (S, X) = - k; (ST]-)k (4.10)

where (@), is Pochhammer symbol defined &8, = r(ra(z)”). So, the PDF and MGF of the
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received instantaneous SNR can be given as (4.11) and (4.12)

2sz2iz AXy I —1
Py (X) = 2N = B L (4.11)
TN 1 Gl () (i +ip) (200,
p=1 p=1
My (s) :/0 eisxp%(m) (x)dx
j5 42 —r
— 2NY . 2R (3_1@“) (4.12)
TN 1 (il () 1 ((+ip) (205,
p=1 p=1

where

00 00 0o <) 0o 00 N
S=5F=5 5.5 5 55 w=MNuidziiz iz=3is
I,) | . i1=0i2=0  in=0j1=0j2=0  jN-1=0 p=1

N—1 N r
, \/ﬁ> 2Nuh (uh)
- ) 7€: -/ 7)\_:——7 d Rl =
J2= 2 le =Htlot (r(m y e

It should be noted that (4.11) applies to TAS/MRC as well aS/BC systems. For TAS/MRC
¥ isn —N; u distributed as it is sum dfi; i.i.d. n — u square variates [19]. So, in (4.11), (4.12)
and all subsequent expressiopsshall be interpreted as; u for TAS/MRC systems andil;
becomes the number of antennas selected at the receivey; izel for (\, 1;N;,1) TAS/SC

system.

4.2 Probability of Error

In this section, we derive expression for approximate arte3ER of TAS/MRC systems over
n — u fading channels for various modulation techniques. SERxfaireless communication

system can be calculated by averaging the CPE over the P&e@if’ed SNR. CPE for various
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Figure 4.1: Plot to compare the values of exact and apprdeun@aaussian Q function

modulation schemes can be given by
Po(y) = aQ(v/by) — o (V/by) (4.13)

whereQ(-) is the Gaussian Q-functiory, is SNR anda, b and c are modulation dependent
parameters. The values af b andc are listed in Table 3.1 for different digital modulation

techniques. The SER can be given by

Pe= | Pey) Py (V) ly (4.14)
0

4.2.1 Approximate Probability of Error

To analyze approximate probability of error, the Gaussiami@@tion is approximated as a sum

of two exponential functions [64].

R
Q(R) ~ 1_2ef% n Zef% (4.15)

The approximated and exact values of Q-function are plattdéigure 4.1 to confirm the
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validity of the above expression. It is observed that (4di%¢s a very accurate approximation
for all values ofx. Forx > —2dB, the approximated and the exact values of Q-function are
almost same.

Thus, using (4.13) and (4.15), approximate CPE can be givéimei form of sum of expo-

nential functions as
P(y)2X—€e 2+ 3 ——eV__e3 g5 (4.16)

where first two terms and last three terms represent first agarsecond term of (4.13) respec-
tively.
Now, by averaging the above approximate CPE over the PDFeakiteived SNR, average

approximate SER can be calculated as

Pesppr = ) i / e Wpy,, (Y)dy (4.17)
0
wherely = 55, (=5, &3=13 (4= 1%, G5 = 2, lﬂlzg, l.llz:%b, Y3 =Db, Yy =
D andys = 2.

In the above expression, the integral of (4.17) fits the defmof MGF of the received SNR
My(¢i). Thus, approximate SER can be given as the weighted sum ofs\éGifeceived SNR.

In this case, it can be given as

IT)eappr = ZGMY(LI}I) (418)

4.2.2 Exact Probability of Error

In this section, we derive expression for exact SER of TASOVEYstems oven — u fading

channels for various modulation techniques. The exact StEFbe evaluated as [61]

[ee]

Po [ () o (V59 g 0 (49

0
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a 2 b C b
:7_TO/MV<Zsir129)d6_7_T/My<25ir?9)d6 (4.20)

Evaluation of |1

l1 is the first term of (4.20), i.e.

R 7 -,
AV 2IH23gl () [ (X + 5brs) do
Iy ="t . L (4.21)
T2 [ (il () (4 +ip) (205,
p=1 = .
The above integral can be evaluated by bringing it in the fofifbA.3) of [61] as
y 1 1
Il—aNE\/Z 2]2H2|Zq)\__rr(r+:_2L) 2k (1,f+§,f+1,m) (4.22)
o N N—1 ’
AT N2 [ (T () F(A4 )R ((u +ip) (20'); )
p=1 p=1 B
where{ = -
Evaluation of I,
I, is the second term of (4.20), i.e.
-~ 2itH2zqr (r) | (4 50r5) do
o= - L (4.23)
T N2z (il () [ ((+ip) (200,
p=1 p=1 P

A detailed solution of above integral is given in Appendix2A. However, substituting
Sif 6 = t/2 in the above integral, following some mathematical sifigations and using [66,

(7.2.4.42)] |2 can be given as
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. (1) 11 31 _1
| \@CNE 2izH2=gX T (r) Fa <r+z@”+§viv—z> (4.24)
2= .
1 N N—1 _
TR 1 Gl () 11 ((Hi) (200),) (14 20) (22
— p=

whereFA(l) (a;b1,bp; c;x,y) is Appell Hypergeometric function of two variables afig- %

4.2.3 Asymptotic Probability of Error

The asymptotic probability of error is a measure of perfarogaanalysis at high SNR condi-
tions. In general, it is used to distinguish the system biehat high SNR regime with a very

easy evaluation method. From (4.22) and (4.24), it is cleatrl} corresponds to the term con-
taining squared Gaussian Q-function and it can be negletteigh SNR. The asymptotic error
performance can be evaluated by assuming the values ofathation variables to be zero, i.e.
(i1, i2, ..., iIN=0andj1, j2, ..., jn—1 = 0) in (4.22). The asymptotic probability of error can

be given by

A 8 JC T(Nut3) 2Py (L2Np + 5. 2N+ 1. 1)
Casympt — 5 nhNHr<u+%)N“N <“_;1>2NMX2NH(1+Z)2NH+%

(4.25)

Using (9.200) of [63], above expression can be simplifieddi@im asymptotic probability

of error as follows

a ( VT )N (2N)"*r (2Np + 3) (4.26)

Peasmpt: A
2T g s ) (14 g80) T

Note that the above expression of asymptotic probabiligradr is in the form of elementary

functions and can be easily evaluated using any of the corlynawailable computational tools.
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Table. 4.1: Number of terms required for accuracy up'fgpface of decimal digit in scientific
notation of the result of (4.20)

n, U, N, Ny SNR=5dB SNR=10dB
P SER P SER

1,052,2 10 208186x102 7 927794x 104
0.5,1.25,2,1 18 ®2964x 102 11 549862x 103
0.8,1.5,3,1 18 48657x102 11 152017x10°3

4.3 Channel Capacity

In this section, we derive expression for ergodic channghcily for TAS/MRC systems over

n — u fading channels. The ergodic capacity per unit bandwidthbeagiven as [61]
66 0
f = / log, (1+ V) Py, (V) dy (4.27)
0

Using (4.11) in the above expression and evaluating it byg#ie method discussed in [65]

for integer values of @, we get the ergodic capacity per unit bandwidth as

= H2zq(22) T (r)et i Lazri)

% =2N¢ N N—ld:l - (20
T hNp+2is M Gl (1) T ((U‘HD) (2“/>jp>
p=1 p=1

4.4 Results and Discussion

We simulated TAS/MRC systems for various values of fadimgpeetersf andyu) for BER/SER
and ergodic capacity. We truncated the infinite sum seri¢$.82) and (4.24) while evaluating
SER using (4.20) up to fird® terms such that it gives accurate result up to tHepface of
decimal digit when the value is represented in scientifi@tion, i.e. in the form of x 10P.
The value ofP and corresponding SER for some cases is tabulated in Tebldt4s observed

that we can get accurate results up to 5 places of decimalhygdting the infinite sums to first
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Figure 4.2: BER performance of (2,1;1) TAS/MRC system onyer u fading channels for
n = 1 with BPSK modulation
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Figure 4.3: BER performance of (2,1;1) TAS/MRC system oger u fading channels for
n =1 including non integer values of2with BPSK modulation
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Figure 4.4: BER performance of (2\) TAS/MRC system oven — u fading channels for
n = 0.01 andu = 0.5 with BPSK modulation
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Figure 4.5: BER performance oRN{1;1) TAS/MRC system oven — u fading channels for
n =1 andu = 0.5 with BPSK modulation
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Figure 4.6: Performance Comparison of TAS/MRC and TAS/SsIesys
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Figure 4.7: SER Performanch(1;N;) TAS/MRC with 4-QAM modulation for different val-
ues of fading parameters
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Figure 4.8: Capacity of (A;N;) TAS/MRC for different values off and
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Figure 4.9: Capacity ofi\;, 1;2) TAS/MRC system for different values gf
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Ergodic Capacity (bits/s/Hz)

Figure 4.10: Capacity of\;, 1; 2) TAS/MRC system for different values pof

20 terms, i.e. the first five places of decimal remains uncbdmgen on increasing the value of
P further.

In Figure 4.2, the results are shown for a (2,1;1) TAS/IMRQGeaysfor Nakagami-m fading
case withn = 1 andu = m/2 (a special case of — u fading). The analytical (exact, approx-
imate and asymptotic) and simulation results of error parémce are plotted fan= 1,2 and
3 for BPSK modulation scheme. As the value of fading parameténcreases the severity of
fading decreases and the BER performance of the system vesardt can be seen from the
figure that the asymptotic BER performance is a lower bounidagaproximate BER is an upper
bound to the exact BER performance. The analytical and sitioml results can be observed to
be in close agreement.

We simulated TAS/MRC system over— u fading channels to show that the derived expres-
sions also applies equally well also to the fading cond#iaith non integer values oft2 The

results are shown in Figure 4.3. It is observed that the nizadeesults are in close agreement
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with the Monte Carlo simulation results.

In Figure 4.4, the results are shown for a (R};TAS/MRC system for Hoyt (Nakagami-q)
fading case witlp = 0.01 andu = 0.5 (a special case of — u fading). The analytical (exact,
approximate and asymptotic) and simulation results ofrgresformance are plotted foh = 1,

2 and 3 for BPSK modulation scheme.

In Figure 4.5, the results are shown foiNg,(;1) TAS/MRC system for Rayleigh fading case
with n =1 andu = 0.5 (a special case af — u fading). The analytical (exact, approximate
and asymptotic) and simulation results of error perforneaane plotted folNy= 1, 2 and 3 for
BPSK modulation scheme.

In Figure 4.6, the results are shown for ls,L;N;) TAS/MRC system andN;,1;N;;1)
TAS/SC system fonp = 1 andu = 1. It compares the performance of TAS/MRC system and
TAS/SC systems. The analytical (exact, approximate anthpsytic) and simulation results
of error performance are plotted for BPSK modulation scherfeom figure, it can be ob-
served that to achieve same BER of £2;1,2) TAS/MRC require 2dB less SNR than (2;1,2;1)
TAS/SC system. Similarly, to achieve the BER of 20(2,1;3) TAS/MRC system require 3dB
less SNR and (3,1;2) TAS/MRC require 3dB less SNR when coeapaith the performance
of (2,1;3,1) or (3,1;2,1) TAS/SC system. It is important merthat the BER performance of
(Nt,1;N;,1) TAS/SC system is same as that Nf,(;N;,1) TAS/SC system. Similarly, it is intu-
itive that the BER performance oRN{,1;N;,1) TAS/SC system is same as that NfN;,1;1,1)
TAS/SC system or (1,N;N;,1) TAS/SC system.

In Figure 4.7, the results are shown foMNg,L;N,) TAS/MRC system for different values of
fading parameterg and u with 4-QAM modulation. Analytical and Monte Carlo simulai
results are plotted for different number of transmit aneenez antennas. The exactness of the
analytical results can be seen through the close agreerhanalytical and simulation results.

Simulations and numerical evaluations were done for theddcgcapacity of TAS/MRC
systems oven — u fading channels. The numerical and simulation results latéegl in Figure

4.8 for various values of fading parameters.
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The variation of ergodic capacity with fading parameterand u is also studied to inves-
tigate the effect of fading severity on the ergodic capadiigure 4.9 shows the variation of
ergodic capacity for & n < 1 with u = 0.5 for SNR values of 0dB, 5dB and 10dB with= 2,

3 and 4. Itis observed that the ergodic capacity degradésimdteasing value aff for N; > 2.
This observation is similar to the findings of [26] for Hoytlifag channels.

The variation of ergodic capacity fay = 1 with different values ofux shows a degradation
in capacity with increasing values pf The simulation results of ergodic capacity are plotted
in Figure 4.10 for K,1;2) TAS/MRC system with different number of transmitteagtennas for
SNR values of 0dB and 5dB. It is observed that the capacityadies with increasing values of
U irrespective of the number of transmitting antennas.

The observed degradations in ergodic capacity with fadargmeters can be explained by
the fact that with decreasing severity in fading it is hightgly that the instantaneous SNR will
be less varying. In such a case, the PDF of the received SR BRS/MRC shifts towards
left indicating a decrease in the average SNR at the receiavever, this will not degrade the
SER performance because this also narrows the PDF of theedc®NR which improves the
diversity order. The improved diversity order compens#tesdecrease in the average SNR at
the receiver. Hence, an improvement in the SER is observéd thle ergodic capacity degrades

with decrease in the fading severity.

4.5 Summary

In this chapter, we derived expressions for exact, appratenand asymptotic SER and er-
godic capacity of TAS/MRC systems with arbitrary numberrahsmitting and receiving an-
tennas for various modulation schemes ayer u fading channels. The derived expressions
can also be applied for performance analysis of TAS/SC systevern — u fading channels.
Monte Carlo simulations of TAS/MRC systems and TAS/SC systare carried out for various

values of fading parameters such that the special casgps-qii fading model like Rayleigh,
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Nakagami-m and Hoyt fading scenario are covered. The SEfRrpances of TAS/MRC and
TAS/SC systems are compared and the superiority of TAS/M@tems over TAS/SC systems
is demonstrated. From extensive Monte Carlo simulationltgst is found that the ergodic ca-
pacity of TAS/MRC systems ovey — u fading channels improves as the valuejofiecreases
for N > 3 for 0< n <1 while it degrades for increasing valuesioirrespective of the number

of transmitting antennas for gli > 0.5.
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CHAPTERDS

PERFORMANCEANALYSIS OF TWO HOP
MIMO CoOOPERATIVE COMMUNICATION
SYSTEMS WITHSOURCE AND RELAY

ANTENNA SELECTION

Cooperative relaying systems are known for extending tiverage area of wireless commu-
nication systems [67]. Cooperative relaying, in additiomthieve extended area coverage, in-
spired the researchers to germinate the idea of coopeditigesity scheme commonly known
as cooperative communication (CC). In CC, a user transisisvn data to destination and in
addition, also forwards the other users’ data. It takes ratehgge of time diversity to improve the
error performance of the system. Cooperative diversitgsws have been proposed as a robust
system that increases capacity for both the users and tevacan improved quality of service
especially for next generation cellular systems [68, 68].CLC, each of the user is known as
a node. Nodes can be classified as source node, the node vemehatgs information to be
transmitted, destination node, the node to which the in&tion is to be transmitted from the
source node and relay node(s), the nodes which helps déligenformation from source to

destination according the defined protocol. The most compnotocols to be followed at relay
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R — Broadcast Phase
----> Relaying Phase

e e 1Y
Y 2 2|

YL ]

Figure 5.1: MIMO Based Cooperative Communication System

node(s) are:

(a) Amplify-and-forward (AF) protocol in which the the reeed signal is strengthened through
amplification and the stronger signal is forwarded to desitom or the next relay as per the

situation.

(b) Decode-and-forward (DF) protocol in which the receiwighal is decoded and it is re-
encoded using suitable modulation technique and trarsairtittthe destination in two-hop

systems or next relay node in multi-hop systems.

A system model for MIMO CC systems is given in Figure 5.1. InTMMD CC systems, each
node is having multiple antennas. CC systems have beenynstadied for different perfor-
mance metrics over various fading channels including mpleltielays and even with multiple
hop situations for various fading channel models.

TAS, proposed for two-hop CC systems in [1, 70], showed imgdoperformance and

achieved full diversity order. Initial works for the analy®f error performance of TAS based
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two-hop CC involves AF protocol at relay [39, 71] in whichaglforwards an amplified signal
to the destination. TAS based two-hop CC with DF relayingliesen investigated in [44,45,72]
of which only [44] investigated error performance of TAS GGtems. However, it assumes no
presence of direct link between the source and the destmatides.

In this chapter, based on the analysis of TAS/MRC systems pveu andk — u fading
channels in Chapter 4 and Chapter 3, we derive infinite sexpgessions for end to end BER
of two-hop relaying DF CC systems over generalized u andn — u fading channels for
BPSK modulation scheme. We consider antenna selectionuatesmode and relay node as
well such that the received SNR at the destination node isrmagd. The results of analytical
expressions are found to be in close agreement with thetsesfudxtensive Monte Carlo simu-
lations of DF CC systems over— u andn — u fading channels for different values of fading
parameters.

Further, this chapter is organized as follows. System armchroél model along with the
derivation of PDF and CDF of received SNRs are discusseceingxt section. Detailed deriva-
tion of expressions for probability of error at the destimat(end to end error probability) are
derived in section 5.2. Simulation results with relateccdssions are described in section 5.3

and the chapter is summarized in section 5.4.

5.1 System and Channel Model

5.1.1 System Model

We consider a two-hop CC system with a source node (S) eduiipjte LS antennas, a desti-
nation node (D) equipped with®) antennas and a relay node (R) equipped with antennas.
The source communicates with destination through relag mod the relay node is configured
in half duplex DF relaying mode. The information is transéerfrom S to D in two time slots.

In first time slot, information is broadcasted to R and D by 8 ansecond time slot, R sends
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the information to D only if it can correctly decode the broasted information of S in the
first time slot [67, Section 5.1]. At the end of the second tste D performs MRC of the

signals received in both the time slots. The informatiorram$mitted from the antenna that
maximizes the received SNR at D in both the time slots. Thestratting antennas of S and R

those maximize SNR at D can be determined by

L(D) 2
1N = arg max{Ci = Z ‘h%{i\’D)‘ } (5.1)
=1

1<i<L®)
whereA € {S,R}, | denotes antenna index which corresponds to the transgutitenna of
node/\ that maximizes the received SNR at node D hﬁﬂ)) Is the channel coefficient of the

link betweeni" transmitting antenna of nodeand jt" receiving antenna of node D.

5.1.2 Channel Model

We assume the fading envelopé%hgfi\’@)) to be independent and identical- u distributed
or n — u distributed for® € {R,D}. For MRC diversity combining at the receiver, it can be
shown that the received instantaneous SNR for an arbitramgmitting antenna of nodewill
bek — L(® u distributed om — L(® i distributed [17-19].

The PDF ofk — L(® 1 distributed instantaneous SNR can be given as [17]

L®) i1 L®) 1

LOu(1+k) 2 y 2 _AL(@)Yy(HK)v K(11K)y
_ (©) A TR)Y
pyK—L<O)u (y) o LO@®py-1 LOput1 © e it |L<O)y—1 2L u v
K~ 2 y/\@ 2 e Hk AO
(5.2)

wherey, _ is the average SNR for the link between nddend noded.

The PDF of — L(® 4 distributed instantaneous SNR can be given as [18]
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©) 4.1 QI
Py ()=
n-L®y r (L(e)u) HL©@u—} (7/\@) LOu+3
L@ p— 2+2|
> 1
X Z) @ 1. _“VH (5.3)

£ I'F(L H—§+|+1) VAO

The CDF ofk — L(® u andn — L(® u distributed instantaneous SNR can be given by (5.4)

and (5.5) respectively from Chapter 3 and Chapter 4.

2LOu(1+k)y
PVKL@),,,(V):l—QL(e)“( 2KL<9>u,\/ Vf\e ) (5.4)

2172L<@)u\/ﬁ o Yinc (ZL( )“+2| A:hx) H 2i
— 5.5
h-Our (LOp) i; il (L®p+i+0.5) (2h> (5:5)

5.1.3 CDF of Received SNR after Antenna Selection

Bpie, ) =

EachG; fori € (1,2,...,L™) obtained from (5.1) for node S and node R are arranged in as-
cending order such th&;) < C,),... < Cy) whereC) is the random variable obtained after
the arrangement in ascending order &het LN, At both the nodes, we select the transmitting
antenna corresponding to the highest received SNR, i.arntezana that corresponds(@,_m))
when MRC diversity technique is used at the receiver nodesubh a system, assuming all

(‘h%{}’e) Ds to be i.i.d., the CDF of received SNR can be given by [59]

N
K— N 2L®O) (1
Py(/\)u (y) = {PVK,L(O)“ (V)} = (1— QL(@)“ (\/ 2KL(@)lJ, \/ HV( +K) V)) (5.6)

AD

N
(y)}N_ o1-2L© u\/ﬁ w Vmc<2L( )+ 2i, 2 Ni”“’) H)Zi

=M\ _ o
P (V)—{PV HL©) ur (L@ p) i; ir (L@ +i+0.5) 2h

AD

(5.7)
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where /\Q) =Y,,CLw is the instantaneous SNR at D after performing transmitangtselection

at nodeA.

5.2 Probability of Error

The end to end CPE for two-hop DF relaying can be given as [67]

PSOSE(€) = Wb (Vep) Wb (Ver) + Wb (Vo) [1— Wb (Ve)] (5.8)

wherey,; is instantaneous SNR of link from node A to node B apyiy) is CPE for BPSK
modulation scheme and is given y(y) = Q(\/2y) [61]. For i.i.d. fading channels, end to

end average BER can be calculated as

PEo(©) = Wb (Voo) P (Ver) + U (Vomo) [1— B (Vp)] (5.9)

5.2.1 Calculation of ) (V) for kK — u Fading

The transmit antenna selection is done to maximize thewed&SNR at the destination in both
the hops. Thus, the instantaneous SNR at the relay can beedsa bex — L(® i distributed

and average BER of-SR link can be calculated following the method discussed @} &

b 1 — 1 A
Lpb(VSR> = l_ZMGF(VSR>+ZMGF(§y3R) (5-10)

where
R)
[ L®u+k) L LR 2k (14-k) (R) . . .
MGF(x) = [m] exp[m ~-L UK] is the moment generating function
of k — LRu distributed fading coefficients.
An expression for exact values ¢ (., can be obtained following the steps of [36]. How-
ever, it involves numerical integration because the fumsiinvolving in the exact calculations

are not available in the standard evaluation packages (BAJ.LMB and Mathematica).
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5.2.2 Calculation ofyy, (Y., for n — u Fading

For the link from node S to node R, we do not apply TAS becausmdé S, the antenna is
being selected to maximize SNR at node D. So, the averagelpitityp of error can be evaluated

following the method discussed in [36]. It can be given by

My (¥) 1
(7 ) — n-LRy D+ R, R (R)
(R)
4(LPu)%h LT, o
WhereMy R, (()7+2(h—H)L<'£)u)(IJV)+2(h+H)L(R)u)) is the MGF ofn — LR u distribution,

~ 2(h—H)L( >u ndB — 2(h+H)L®p
" y+2(h—H)L( y+2(h+H)LR

5.2.3 Calculation ofgy (V) for kK — p Fading

The average BER of the link from S to D can be given by
b, (Yep) = /‘an y)dy=— /lll (5.12)

wherey/, (y) is the first derivative of CPE. Far — 1 fading, we use CDF based approach to
evaluate probability of error as in Chapter 3. The average B&n be calculated by substituting

(5.6) in (5.12)

LS

B, (o) = 2ﬁ/ ( Qo <\/2KL \/ZL rat )) ay  (513)

To solve the above integray (-,-) can be represented in the form of infinite series for

integer as well as non integer valuesm@s in (3.15) and using (3.16). However, it is given

B apB r+2s
s,

below not to break continuity.

8
8

Qr‘f](a,B) =

r=m
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Using (5.14) in (5.13), the average BER can be given by

L
Z S Ny
D = K e
ysD RZ SZ ,l S (5.15)
2\/7_T 1—|—K 2 L ]
Ms!r(s+ri+LOu+1)
i=1
whereK:% > = § E § > = § E § andji =LOLO y+
sD R r=0r=0 r (g= 0 S(§ S=0%=0 §g=0
LO LS
Sri+3ys.
i=1 i=1

The fast convergence of (5.15) can be shown in the same masrneis shown in Figure

3.1 of Chapter 3.

5.2.4 Calculation of i (V) for n — u Fading

For the link from node S to node D, TAS is applied at node S a$3&) so as to maximize the
received SNR at node D. The received SNR in such case is thedtigrder statistics amoy
. LS .
fori e {1,2,...,N}, the PDF of which can be given tg{, = g% (Pyn L), (X) ) [59]. Using
Vinc(a,%) = & 5 (;“fl in (5.7), the PDF and MGF of received SNR after TAS can be given
k=0

as
h-LOL usz(ﬂ) Z et g1
— 9 (9 h
Py ey () =2k 6” S BNGCEV. - (5.16)
’ il (L L +ip) (2U).
e () 1 ((LOm+i0) (22,
hfL(S)L(D)NZJ/ ﬂ 2'2 l_ / —r’
My (s) = 2LO¢ 2 () 26 (1) A&7 +9) (5.17)
J Lus 15 y b
T @) 0 (@) (240,
p= p=1
WhereZ:EE.... E g E E ,X'I&V(D)“h,r’:2L(S)L(D)u+2iz+jz,
5] i1=0i,=0 IL(S) =0 j1=0j,=0 JL(S)fl:O

LS LG -1 Lo r
, . , . - (LPph
b= St 3 et = () =P handd— (492).

The average probability of error for BPSK modulation schemiie form of MGF can be
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given by [73]

L 3
b (Vap) —,—TO/M (sze) (5.18)

From (5.18) and (5.17) and solving the integral in MATHEMA&H, the average probability

can be given as

o h LSOl (1) g (1)
_1(s R
Lpb(ySD) N L( )EE L(S r . L(S—_1 . .
TN G (1) 0 ((L@u+ip) (240, )

p=1 p=1

(r’);Q\WZ)‘”{X, 2F1<1r+1 1 2)

r' /2 +2) 2" 2N +2
11 2 1
+(4(r’—|—1) —)\_’) 2k (1 r +2 2,)\—,+2)}+)\?} (5.19)

5.2.5 Calculation of (Vagp) for K — p and n — p Fading

This is the case when node R is able to do correct decodingeibithadcast phase. In such
a case, node D performs MRC of the received signal in first slaeand that in second time
slot. Therefore, the calculation g4, (y..,) remains same as the calculationjgf(y,,) with the
substitutions 2§D) in place ofL§ ) and Yero = Yo 1 Yro IN Place ofy,, in (5.15) and (5.19) for

K — 1 andn — u fading respectively.

5.3 Simulation Results and Discussions

First of all, we compared BER performance of CC systems wAB &t different nodes and
without TAS. For comparison, we assumed Rayleigh fadingate and CC system withS =
L(R = 2 andL(®) = 1. In our analysis, the distance parameter has not beendesadi so we
keep equal average SNR for each link, iy_{SER. = ;7SD = )7RD for all the results presented in this
section. In Figure 5.2, the simulation results of BER forffati#ént combinations of TAS are

shown. The results include BER of CC systems without TAS, A at R to maximize the
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Figure 5.2: Comparison of BER performance of two hop TAS C&eawys with different com-
binations of transmit antenna selection
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Figure 5.3: BER vs. SNR for two hop TAS CC systems with différeumber of transmit
antennas fok =0.5andu =1

66
TH-1419 10610212



Performance Analysis of Two Hop MIMO Cooperative Commutigrasystems
Chapter 5 with Source and Relay Antenna Selection

Analytical
-1 O Simulation |]

BER

SNR (dB)

Figure 5.4: BER vs. SNR for two hop TAS CC systems with = L(R =2, L(®) =1 and
different values ok andu
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Figure 5.5: BER vs. SNR for two hop TAS CC systems with différeumber of receiver
antennas fok = 0.25 andu = 0.5
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Figure 5.6: BER vs. SNR curve for TAS CC systems with BPSK nhatibtn scheme and
differentL(®) (n = 1, u = 0.5).
received SNR at D (Relay TAS), TAS only at S to maximize theeinesd SNR at D (Source
TAS SD), TAS only at S to maximize the received SNR at R (Sotlik® SR), TAS at S and R
to maximize the received SNR at D (Source and Relay TAS SD)la®lat S and R to jointly
maximize the received SNR at R and D (Source and Relay TASIBR)e case of Source and
Relay TAS SR, the TAS is performed such that the antenna ofi€whaximizes the received
SNR at R is activated in the first time slot and the antenna bBRmhaximizes the received SNR
at D is activated in the second time slot. It is observed thatase in which TAS is performed
at S and R such that the received SNR gets maximized at D dieelsest BER performance
among the combinations being considered. For simulatian$ave assumed equal transmit
power allocation for node S in first time slot and node R in seldime slot ands, = Vg = Veg-
We simulated the two-hop CC system for different number ahgmitting and receiving
antennas and different values of fading parameters. Thetsder error rate performance ob-
tained from analytical expressions and Monte Carlo sinmiatcan be observed in Figure 5.3

for TAS CC systems ovek — u fading channels. It also shows the BER results for single
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Figure 5.7: BER vs. SNR curve for TAS CC systems with BPSK nhatibtn scheme and
different values of fading parametersand .

antenna CC systems. The analytical results are calculaiaed (6.10) and (5.15) in (5.9). It
is observed that CC systems give better performance whesmigantenna selection is used
at source and relay nodes for all SNR values. In the same figuwan be observed that the
BER performance is better when the number of transmit aat@mreases at source and relay
node as well. It is observed that the infinite series involvegrobability of error calculation
converges fast enough such that first 10 terms give suffiaieruracy €1% error). However,
to maintain accuracy of our numerical results we used firdeBs of the infinite summation
in our numerical results.

Two-hop CC systems over—  fading channels with antenna selection were also simulated
to observe the effect of increased strength of LOS compaoaeatincreasing values @f on
BER. The simulation and analytical results for differeniues of fading parameterg, and u
can be seen in Figure 5.4. An improvement in the BER perfoomaan be observed with
increasing values of andu.

We have also simulated a two-hop CC systems avep fading channels to see the effect of
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Figure 5.8: BER vs. SNR curve for TAS CC systems with BPSK nhatibtn scheme and
different values of fading parameters for different links

increasing number of antennas at the receiver (destinatide). The simulation and analytical
results are shown in Figure 5.5. Itis observed that the padace improves with larger number
of antennas at the receiver end with improved slope of BERecas expected because of higher
diversity gain for larger number of antennas.

The analytical and simulation results for two hop CC systeiitis TAS for different values
of L(®) and fading parameters, = 1 andu = 0.5 for BPSK modulation scheme are obtained
and can be observed in Figure 5.6. It shows results fér= L(R) =2 andL(P) = 1,2 and 3.
A close agreement between analytical and simulation e&iltbserved and the performance
improvement for larger number of antennas at the destimasiambserved on the account of
multipath diversity. We show the BER performance of TAS C&tegns for different values of
fading parameters in Figure 5.7. It is observed that the B&fopmance degrades for decreas-
ing values ofn which accounts for severe fading scenario and the BER pe#dioce improves
for higher values ofi.

The simulations of TAS CC systems with® = L(R = L(P) = 2 are also performed for non
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identical values of fading parameters of different linkscldse agreement between analytical

and simulation results can be observed in Fig. 5.8.

5.4 Summary

In this chapter, we analyzed the performance of two-hop Cesys with MIMO nodes over
generalizedk — u andn — u fading channels in which the source and relay nodes sefetd-tr
mit antenna to communicate with destination such that tbeived SNR at the destination node
gets maximized. The analysis is presented for DF relayingppol and presence of direct link
from the source to the destination. We derived expressionerfd to end BER with arbitrary
transmitting and receiving antennas at each node for BPS#utaton scheme. Simulation
results for various fading parameter values have been showalidate the exactness of ana-
lytical expressions. The analytical and Monte Carlo siriafaresults are found to be in close

agreement.
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CHAPTER G

MGF BASED APPROXIMATE SER
CALCULATION OF SM MIMO SYSTEMS
OVER GENERALIZED N — U AND K — U

FADING CHANNELS

SM systems also use single transmit antenna at a time to s@rdhation from transmitter to
receiver. Hence, itis also a technique that overcomes isaages of MIMO like complex and
bulky hardware due to multiple RF chains and mathematicailyplex detection processes.
A technique called generalized SM has also been proposedichwnultiple antennas are
activated at a time [13]. Generalized SM gives better spkefficiency as compared to SM
systems but they do not overcome the disadvantages of MIM@ms)s. Unlike TAS, SM does
not require any feedback from receiver to transmitter beedlne antenna selection in SM does
not depend on the channel conditions but on the incomingaistaequence. This simplifies the
overall communication system. In return, the cost has todie ip terms of diversity gain. SM
MIMO systems can achieve diversity gains of the order of neind receiver antennas unlike
TAS systems which are known to achieve full diversity orddowever, SM MIMO systems

can achieve better spectral efficiencies than TAS systemeddition, it is already established
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that the detection process at receiver in SM MIMO systemengputationally less demanding
as compared to VBLAST and Alamouti STBC schemes in [49].

In this chapter, we analyze the error performance of SM MIMSteams with suboptimal
detection scheme over generalizegd- u and k — u fading channels for several modulation
schemes. Closed form expressions for approximate SERrpafwe of SM MIMO systems
are derived for both the generalized fading models using M@sed approach and verified by
Monte Carlo simulation results. We have also shown thatguie approach of SER analysis
over generalized fading channels presented in this chapéecan analyze SER performance
in any classical fading channels. Though the expressioneXact SER of SM MIMO sys-
tems ovem — u fading channels have been derived in [57, 74] but they irev@lvaluation of
complicated mathematical functions like Hypergeometriactions. While the expressions for
approximate SER derived in this chapter are in the form ofmelatary functions which are
easy to evaluate which justifies the usefulness of our aisalyrs addition, we also considered
performance analysis of SM MIMO systems ower u fading channels.

Further, this chapter is organized as follows. System mfmeébM MIMO under consid-
eration is described in the next section. Spatial modulagistem transmission, reception and
channel models are also explained. In section 6.2, SERlaéilmu using MGF based approach
by deriving closed form expressions for approximate SERxEHagned. SER of SM MIMO
systems for various fading channels as special cage-gft andk — u fading channels is given
in section 6.3. Results and related discussions of sectbaré followed by a brief summary

in section 6.5.
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Received Data

Figure 6.1: System Model of SM MIMO Systems

6.1 System Model

6.1.1 Spatial Modulation System

In SM, all the information bits are not transmitted phydigalA part of information bits is
mapped to transmit antenna indices (spatial constellpaod the antenna corresponding to

mapped index is used to transmit information bits mappeddieas constellation. A system

Table. 6.1: SM mapping table for 3 bits/s/Hz with BPSK and QAMdulation schemes

Input Bits Ne =2,M = 4 (QAM) N = 4,M = 2 (BPSK)

Antenna Number Transmit Symbol Antenna Number Transmitl&ym
000 1 +1+4j 1 -1
001 1 +1- 1 +1
010 1 -1-j 2 -1
011 1 14 2 +1
100 2 +1+j 3 -l
101 2 +1- 3 +1
110 2 -1-j 4 -1
111 2 -1+4j 4 +1
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model for SM MIMO is given in Figure 6.1. This SM MIMO system del considers al; x N,
MIMO system havind\; antennas at transmitter side ajdantennas at the receiver side. For
M-ary modulation scheme, each block of ob) + l0g,(M) bits of information are mapped
by the SM mapper to signal constellation and spatial colasitehs. log(N;) bits of each block
are mapped to points in spatial constellations which selém antenna and IggVl) bits are
mapped in the signal constellation and modulated by symioaluiator using suitable digital
modulation scheme. The digitally modulated signal cotetieh point is then transmitted from
the antenna to which spatial constellation point is mappédis, using SM, we effectively get
spectral efficiency gain of lggN\) bits/s/Hz without costing any extra bandwidth or power.
Only one antenna depending on the incoming data bits iseaatia time overcoming the prob-
lems of inter channel interference and the requirementtef entenna synchronization. These
are advantages of SM over V-BLAST and MIMO orthogonal frageyedivision multiplexing
(OFDM) systems. At the receiver, transmit antenna indexteansmitted symbol are estimated
separately in suboptimal scheme [49]. SM de-mapper appéedsstimated transmit antenna
and detected symbol accordingly to regenerate the tratesmiiformation bits. The Table 6.1
shows how the bits are mapped in spatial domain and the signain for spectral efficiency of
3 bits/s/Hz using BPSK and 4QAM schemes with 4 and 2 tranenatitennas respectively. The
transmitted vector will have all zero elements except the which will transmit the digitally

modulated data bits as shown below.

S Gy @ =t XTq a0 6.0)

kth posistion

wherex is the transmitted vector ang is the digitally modulated symbol that is to be transmit-

ted from thek!" antenna.
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6.1.2 SM Receiver

At receiver, overall detection needs two estimation preess One for transmit antenna index
estimation and the other for estimation of transmitted syimiJsing ML detection criteria,

antenna index can be estimated as [50]

j = argmax|h'y| (6.2)
j

where | is the estimated transmit antenna indéy,is the j!" column of channel matrix
andy is the received signal vector. In the above equatieyl! denotes complex conjugate
transpose. Estimation of transmitted symbol is the saméasiétection process for MRC

diversity technique. It can be done using ML decoding teghej
¥ = argmin| g |2 —2Re{f'yi) (6.3)

wherexg is the estimated symbol from signal constellation spacexgigithe transmitted sym-

bol. The error in any of the detection process affects SERpaance of the SM system.

6.1.3 Channel Model

In this chapter, we consider i.i.d} — p andk — u fading channel models to analyze the SER

performance of SM systemg.— u fading channel distribution can be given as [17]

p@) = (15 5) () 7 exp( - HETL i <2u %‘)) (6.4

K
whereQp = E(w), E(+) is expectation operator.

n — u fading channel distribution can be given as [17]

oS0 ()G () (59) e

The definitions of fading parameters and discussions ktate — u andk — u distributions

are given in detail in Chapter 2.
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6.2 Approximate SER Calculation

Let P, andPs be the respective probabilities of error in estimation ahtmit antenna index and
symbol from signal constellation. Then, assuming the twacesses independent, probability

of error can be given by [49]
Pe — Pa-l‘ Ps - Paps (66)

The process of symbol detection is the same as that for MR{Dgulse general expression of

conditional SER for any modulation scheme [2]
=aQ(y/by) —cQF(\/by) (6.7)

whereQ(-) is Gaussian Q-functiony is instantaneous SNRy, b andc are the modulation
dependent parameters given in Table 3.1.
The Gaussian Q-function can be accurately approximatetdgum of exponential func-

tions as [64]
(6.8)

The approximated and exact values of Q-function are plottédgure 4.1. It is observed
that (6.8) gives a very accurate approximation for all valogx. Forx > —2 dB, the approxi-
mated and the exact values of Q-function are almost same.

Averaging the SER with respect to PDF of SNR, the averagegitity of error for MRC

symbol detection can be given by

~g 1 by 2by
Ps~a {12MGF(2>-|—4MGF( 3)}
c/1 4by 1 7by
4(36MGF(b)7)+ MGF( 3) éMGF( 6)) (6.9)

wherey is average SNR andlGF(+) is the moment generating function.

MGF of k — u distribution is given by [75]
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2y 1+K)
o u (1+ K) H <<ﬁ21+(;<)+s _“K)
MGF_y (s) = (—H(1+K) +s) (6.10)
MGF of n — u distribution is given by [75]
Auch K
MGF,_,(s) = 6.11
09 = (G T a9 (641

In the antenna index estimation, we hd{\}‘é/for j =1,2,....N; of which all will be noise
except the one that corresponds to actual transmit antade&.i The conditional pairwise error

probability can be calculated as [50]
P(qu%Xqu‘H) :P(djq>dfq‘H) =Q<\/W) (6.12)

whereP (qu — qu|H> denotes the conditional probability of detectifijantenna index when
symbolxq transmitted from antennp Unconditional average probability of error can be cal-
culated by averaging the conditional pairwise error prdiigb For statistically independent
n — u andk — u MIMO channels, it can be shown thgis s is n — N, 1 andk — N; ¢ distributed

respectively [19, 57] and the average PEP can be given by
_ ~ 1 L y
P, = APEP(y) = 12MGF (D -+ 4MGF (C’) (6.13)

APEP is calculated by approximating the Q-function by surexgfonential function as in (6.8)
and averaging it over the PDF &f— N, andn — N, u distributions. MGFs ok — N, u and
n — Ny u can be obtained from (6.11) and (6.10) respectively. Theamate unconditional
probability of symbol error can be calculated by substityij6.9) and (6.13) in (6.6).

6.3 SER of SM MIMO Systems for Various Fading Channels

In section 6.2, we analyzed SER performance of SM MIMO systever generalizeg — u and

k — u fading channels. The advantage of analyzing SER perforenaner generalized fading
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channels is that by taking special cases of the generaladd channels we can evaluate the

performance of the system in many well known fading channels

6.3.1 Rayleigh Fading

Rayleigh fading channels can be represented as a spe@aifeas u andn — u fading channel
for(k =0, u=1)and § = 1, u = 0.5) respectivelyn = 1 implies thath andH in (6.5) bear
the values 1 and 0 respectively. Using these particulaegabiik andu in (6.10) andn, u, h
andH in (6.11), we get the following expression which is the samé¢he MGF of Rayleigh
distribution [61].

1

= 6.14
1+y ( )

I\/lGFRayI (V)

The SER performance in Rayleigh fading can be alternatieeffuated by substituting (6.14)
in (6.9) and (6.13).

6.3.2 Rician Fading

Rician fading channels are suitable for LOS scenario in ihere is a direct path from trans-
mitter to receiver and many multipath components. Riciatrithution can be modeled as a
special case ok — u distribution fork = K andu = 1 whereK is the ratio of power in LOS
component to average power of scattered components. Ustngatuesk = K andu =1 in
(6.10), we can get the following expression which is the sasthe MGF of Rician distribu-
tion [61].

1+K Ky

MGRrice(y) = meﬁ THFK Ty (6.15)

The SER performance in Rician fading can be alternativeljuated by substituting (6.15) in
(6.9) and (6.13).
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6.3.3 Nakagami-m Fading

Nakagami-m fading channels can also be modeled as speesed od the generalized fading
channels. K =0, p=m) and @7 =1, u = m/2) models Nakagami-m fading channel as a
special case ok — u andn — u fading channels respectively. Using these values of fading
parameters in (6.10) and (6.11), we get the following exgpoeswhich is the same as the MGF

of Nakagami-m distribution [61].

MGFy_m () = (—)m (6.16)

6.3.4 Nakagami-q Fading

Nakagami-q fading channels can be modeled as a special tage-qu fading channels.
(n = g%, 1 = 0.5) models Nakagami-q fading channel as a special cage-ofi fading chan-

nel. From (6.11), for Nakagami-q fading, we get the follogveguation which is the MGF of
Nakagami-q distribution [61].

(1+?)
2 05
|(21+62)% (1+2y) +402¥?)
Substituting (6.16) or (6.17) in (6.9) and (6.13), the SERgrenance can be evaluated over

MGRy_q(y) = (6.17)

Nakagami-m or Nakagami-q fading respectively.

6.4 Results and Discussions

We performed simulations of2 2 and 2x 4 SM MIMO systems with 4-QAM modulation and
3bits/s/Hz. The SM MIMO systems were simulated for différgpecial cases of generalized
K — 1 andn — p fading channels. Average SER values for different SNR teae¢ obtained

from the simulations and plotted along with the approxinaatalytical SER. Figure 6.2 shows

the results for Z 2 SM MIMO system considering Rician fading channel as speesae of
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Figure 6.2: SER vs SNR (dB) for2 SM MIMO system considering Rician fading as special
case ofk — u channels fok =K andu =1
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Figure 6.3: SER vs SNR (dB) for-24 SM MIMO system considering Nakagami-m fading as
special case of — i channels fok =0 andu =m
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Figure 6.4: SER vs SNR (dB) for-24 SM MIMO system considering Nakagami-m fading as
special case aff — u channels for) = 1 andy = m/2
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Figure 6.5: SER vs SNR (dB) for2 SM MIMO system considering Nakagami-q fading as
special case aff — u channels fon = v2 andu = 0.5
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Kk — i channel considering the valugs= 1 andk = K. We have simulated the system for
K =1, 2 and 3. The improved performance with increasfnig observed. This improvementin
the performance is on the account of stronger LOS compoboehtdher values oK. However,
for optimal detection scheme discussed in [50], the peréorre would degrade with stronger
LOS components as observed in [76].

Figure 6.3 shows the SER vs SNR plot for Nakagami-m fadingrenment as special case
of Kk =0 andu = m. It also includes results fan= 1 which represents Rayleigh fading channel
as a special case of Nakagami-m fading channel and henaef that  fading channel. Figure
6.4 shows the performance ofx24 SM MIMO system in Nakagami-m fading channels as a
special case of generalizegd— u channels. The similarity in results shown in Figure 6.3 and
Figure 6.4 show that the Nakagami-m fading environment aaweéll represented as special
case ofk — u andn — u fading models. In both the figures, it is also observed thatSER
performance improves with increasing values of fading ipatarm of Nakagami-m fading or
u of n — u andk — u fading channels. This performance improvement is becalideedact
thatu stands for the number of multipath clusters in the receivgulas [56, 57].

Nakagami-g or Hoyt distribution is a special case of gemezdln — u distribution for
u =0.5andn = v?, wherev is the Nakagami-q fading parameter. The 2 SM MIMO system
was simulated for plotting the SER Vs. SNR for Hoyt fading ditions. The results can be
seen in Figure 6.5. The degradation in SER performance foedsing values af is observed
on the account of increased severity in the fading for smakéues ofv or n. It has been
observed that in all the plots of Figures 6.2-6.5, the ar@ytesults are in close agreement
with the Monte Carlo simulation results and the approxiatsults are almost exact when

SER< 10 2. This validates the accuracy of the proposed approximaRe Stlysis.
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Chapter 6 n — u andk — u Fading Channels

6.5 Summary

In this chapter, we obtained closed form expressions foraqimate SER performance of SM
MIMO systems in generalized — u andn — u fading environments for several modulation
schemes. The analytical closed form expressions of SERnaltaould be employed for per-
formance analysis of SM MIMO systems over any fading chaasdbng as the MGF of the
fading channel statistics is available. Using the develapesed form expressions, the perfor-
mance of SM MIMO systems for various special cases of geimec — 1t andn — u channels
such as Nakagami-m, Rician, Nakagami-q and Rayleigh fachagnels are obtained. In order
to verify the accuracy of the closed form expression, sitmhg were carried out assuming
4-QAM modulation for symbol transmission and consideringgahsmit antennas to achieve
transmission rate of 3 bits/s/Hz. The analytical resuksimarclose agreement with Monte Carlo
simulations carried out for different values of fading paeders and different number of anten-

nas at the receiver.
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CHAPTER 7/

TRANSMIT ANTENNA SELECTION IN

SPATIAL MODULATION SYSTEMS

In the previous chapter, we discussed that SM MIMO systeamstnit information from single
antenna at a time and the index of transmit antenna is alsot @fpaformation. One of the
possible problems with such SM MIMO systems is that the lilkhe antenna index used
for communication may be completely down at certain timé¢ans It may result in loss of
the complete block of logN:) + 10g,(M) bits of information. Keeping in consideration the
recent advances of wireless communication systems, latygOMystems and massive MIMO
systems which contain hundreds and thousand of antennggntiount of information might
be very large [62, 77]. This problem can be overcome if onecteb antennas out ol
transmitting antennas with the good links and apply SM orséf®selected antennas at the
transmitter. Some of the researchers have worked in thestiton and combined SM and TAS
MIMO systems [16, 58]. We refer to those combined systemsA&s SM MIMO systems in
the subsequent discussion of this chapter. In [16], it iswhiiat TAS SM MIMO systems give
better BER performance than the conventional SM MIMO system [58], N. Pillay, et. al.
rectified the errors in formulation and Monte Carlo simulas of [16]. In [16, 58], Euclidean
Distance Optimized Antenna Selection (EDAS) and Capacityifiized Antenna Selection

(COAS) are combined with SM MIMO system and SER performaeselts of simulation are
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reported. However, analytical results have not been redort

In this chapter, we derived closed form expression for cifagbability of TAS SM MIMO
systems in flat Rayleigh fading environment. Our antennectien is done based on Maximum
Received Power (MRP) of useful signal which is equivalerdaritenna selection at transmitter
based on maximum received SNR. Analytical results are &l using Monte Carlo simula-
tions and they are in close agreement.

The rest of the chapter is organized as follows: System miedkdscribed in the next sec-
tion. In section 7.2, the derivation of PDF of the receivedRIBlelaborated. Then, closed form
expression of OP of TAS SM MIMO systems is derived in secti@ Bimulation and analytical

results are shown and the chapter is summarized in secdamd.section 7.5 respectively.

7.1 System Model

We consider MIMO system withk transmit and\; receive antennas with flat Rayleigh fading
conditions. S antennas are selected at transmitter which maximize tla¢ teteived signal
power (S< N). For spatial modulation$ has to satisfy the conditio8 = 2™, wherem is
a positive integer. Amon selected antennas, an antenna is chosen at a time for symbol
transmission according to incoming data bits as discugséke previous chapter (see Table
6.1). The MRC combining is assumed at the receiver. The sy&aeferred agN;/S N;)
MRP TAS SM MIMO system.

At any instant, if the symboty is transmitted from the single chosen antenna, the received

signal vector is same as that for MRC receiver diversityatt be given as:

where, h; is the j'" column ofN; x S channel matrix whose elemerftg; (i =1,2,...,Sand
j =12,...,N;) are assumed to be independent and identically Rayleighldited prior to

antenna selection amdis anN; x 1 noise vector. The noise is assumed to be complex Gaussian

86
TH-1419 10610212



Chapter 7 Transmit Antenna Selection in Spatial Modulation Systems

distributed with variancéNy. It is assumed that either the set ®fantennas that maximize
received useful signal power or channel state informasavailable at the transmitter through

a feedback path from the receiver.

7.2 Order Statistics of Fading Coefficients

Antenna selection is done based on the magnitude of the péeady; [1]

2

(7.2)

Ny
Aj = _Zl}hﬂi
1=
where eacHni’vj i=1212.. .Nandj=12 ... N)is an entry of thé\; x N; channel matrix.
In Rayleigh MIMO channel, eachj is a sum of the squares ofN2 Gaussian distributed
random variables with zero mean which can be representechoy-@entral Chi-squared dis-

tributed random variable withN; degrees of freedom. So, the PDF Af can be given as

follows [73] :

. > :
fAJ (X) r(Nr) 7X—0 (7 3)
and the CDF is given by
N—1 i
; =Ee X T x>
Fa, () =1—¢ i; x>0 (7.4)

To selectS antennas that give the maximum received powgs, are rearranged in ascending
order andS antennas that correspond to the highest valuesafre selected. According to

order statics, the PDF &) such thath ;) < Ap) < --- < Ay, can be given by [59]

fan %) = B, Ml_ g (P 001 L= R 001 i (0 (7.5)
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wherer'=N; — S+ 1 andB(.,.) is the Beta function.

So, the PDF of the received SNR can be given as

: 1 N 1 i1 N —i
fy(X):M—r.-l-l-Z-B(i,l\l[—i-i-l){FAj (X)} {1_FA]‘ (X)} fAj (X) (76)

Substituting (7.3) and (7.4) in (7.6), the PDF of instantarseereceived SNRy) can be

given by

. N 1 Nty i1 C N1y N1
fM(X)Z(Nt—'r'-l-l)i;B(i,Nt—i-l—l){l_e i;ﬁ} {e i;ﬁ} r(Ny)

i1 o
) (_1)JQ(17NI’)
N i—1 M J

. 1 Nett—1g—x(N—i+j+1) (7 7
(Nt—'r"i‘l)r(Nr)in'j;)t;) it i ) : -

whereM = (N; — 1) (Nt —i + j) andG(j, Ny) is the coefficient o' in the expansion of
N1y \ N
l; = (7.8)

7.3 Outage Probability

In this section, a closed form expression of outage prothgabor SM MIMO system with MRP
TAS is derived considering Rayleigh fading conditions. dh&age probability for atN: /S, Ny )
MRP TAS SM MIMO system can be given as

R_
Pout (7,R) = P {w <5 1} (7.9)

whereR s the given rate of transmission apds the average SNR.

Assumingyn = Ly*l the outage probability in (7.9) can be given by
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Yth
X 3 Gl [ X4ty
t= 0

(7.10)

Thus, the closed form expression for outage probabilitgioleid after evaluating the integral

in (7.10) is as given below [63]

-1 -1

N .
Z |+1) % N

J

Pout (77 R) 3

(M—r+1

%Ct i Np) Yine ( Nr+t Mh(Nt—i‘f’j‘f’l)) (7.11)

The outage probability of SM MIMO systems without TAS in Raigh fading channels,

Pout(¥V, R)notasCan be given as

MhoN—1 X
r xNr—1g
Pout(V; R)poTAs= / de
0

Ne—1 . i
_1_gMn Z) *f—'f (7.12)
& i
The outage probabilities of MRP TAS SM MIMO systems with anthaut antenna selec-

tion are compared by evaluating (7.11) and (7.12) in the sestion.

7.4 Simulation Results

MRP TAS SM MIMO system was simulated fdf = 4,6, S= 2 andN, = 2 assuming 2 bits/s/Hz

with BPSK modulation. The results of simulation are comgaséth the analytical results in
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10° 1
: Analytical
[ O Simulation
1o’l;~~~~~~~~ ~~~~~~~~~~~~ | —8B— SM without TAS

[ 2x2 SM MIMO ]
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Figure 7.1: Outage Probability vs. SNR curve for MRP TAS SMWIl systems with antenna
selection (R=2 bits/s/Hz).
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Figure 7.1. The results are also shown for an SM MIMO systethaut implementation of
antenna selection. The improvements in the results arenetaising TAS with SM systems
in the OP with added cost of larger number of antennas atrtriétes and a feedback link that
conveys channel state information or the set of antennas tséd for SM from receiver to the
transmitter. Note that, with these additional complegifiethe system, MRP TAS SM MIMO

systems achieve diversity gain as obtained in [16].

7.5 Summary

A closed form expression for outage probability of MRP TAS SNMO systems is derived
and validated using the simulation results. A significargiovement in the outage probability
is observed for MRP TAS SM MIMO systems over conventional SMI® systems at the cost

of larger number of antennas at the transmitter.
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CHAPTER 8

CONCLUSIONS ANDFUTURE WORK

In this thesis, we presented our work related to performamadysis of TAS and SM based
MIMO wireless communication systems with application of38n MIMO CC systems. In this
chapter, we summarize the thesis in the form of conclusiodsa#so provide some suggestions

for future work based on the presented works.

8.1 Conclusions

A brief summary of conclusions of the thesis are as follows.

In this thesis, we used CDF and MGF based methods to evaluatgerformances of TAS
and SM based MIMO wireless communication systems. CDF bagsedperformance analysis
is done for TAS/MRC systems over— u fading channels and MGF based error performance
analysis is done for TAS/MRC systems over u fading channels and SM MIMO systems over
K — 1 andn — u fading channels. The expressions derived for TAS/MRC ase applicable
to performance analysis of TAS/SC systems. We also predénéeperformance analysis of
two hop CC systems with TAS at source and relay. The appticaif TAS on SM systems is
studied and performance is evaluated in terms of OP. Thefspsantributions of the thesis are

enlisted below.

1. Performance analysis of TAS/MRC systems aver u fading channels
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(a) Expressions are derived for OP, SER and ergodic capddiky expressions of OP

are shown to be compact. SER expressions have been derived @BF based
approach.
(b) The important observation is that the ergodic capa@yrddes with improved LOS

component.

2. Performance analysis of TAS/MRC systems ayer u fading channels: expressions are

derived for SER and ergodic capacity. SER expressions heee terived using MGF

based approach.
3. Application of TAS to two hop CC systems and their perfonceanalysis
(a) Expressions are derived for BER of TAS based CC systemskov 1 andn — U
fading channels using the analysis of TAS/MRC done in chietand chapter 4.

(b) For error performance of DF CC systems, TAS at source elay such that SNR

at destination gets maximized in presence of direct linknfgpurce to destination

was taken into consideration.
4. Approximate SER of SM MIMO systems over u andn — u fading channels

(a) Closed form expressions are presented in the form ofesléary functions which

are easy to evaluate compared to existing expressions éct 8ER.
(b) SER of SM MIMO systems over various fading channels hanhmesented as

special cases of — u andn — u fading channels

5. Application of TAS to SM MIMO systems: Closed form exptiessfor OP of SM MIMO
systems with TAS based on MRP over i.i.d. Rayleigh fadinghcleés is derived.

All the analytical expressions have been supported withlt®sf Monte Carlo simulations.

In each case, Monte Carlo simulation results are in closegeagent with the analytical results.
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For infinite series expressions, it has been observed aiftedethat they can be evaluated by
truncating to finite number of terms for sufficient accuranythe results of their numerical

evaluations.

8.2 Suggestions for Future Work

Some of the possible directions that can be taken up as éxesns this work are suggested as

follows.

e Order statistics of correlatexl — p and/orn — u fading distributions and performance

analysis of TAS/MRC systems.

e Performance analysis of multi-hop TAS CC systems with DH@n@F forwarding pro-

tocols at relays

e Analytical expression for BER of MRP TAS SM MIMO systems mag terived for

Rayleigh fading channels and can be extended to generd¢idedy channels.

e Performance analysis of TAS and/or SM based MIMO systemdeasione in interfer-

ence limited conditions.
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APPENDIX A

SUPPLEMENTARY MATERIALS

A.1 Derivation of (3.8)

In (3.7), take the substitution

t=1-Q <\/2K ,,/M) (A1)

Using (3.3) and (3.4) and the relation between PDF and CDRgete

1+k “THX'% JEETI)S K(1+K)X
ot I e 7 Iy (2;1 &> dx (A.2)
Then, ignoring the limits of integral in (3.7) for a while gtindefinite integral is of the form
/ NtN-1dt =N

Equation (3.8) can be obtained by putting the substitutdaevaft and the limits of the inte-

gration in the above expression.
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A.2 Derivation of |, (4.24)

Appendix A
o ] r
jsHq2s _b_
o, 2izH qr(r)g<x+25inz9) de N
2= N N1 _ (A.3)
TN [l () (1 +i) (2005,
p=1 p=1
The integral in the above expression is of the form

I
L

b —r
Ad+——-) db
( +23ir126>

i Sife '
- ( sin26+Z> a0

0

ENE

(A.4)
Substituting siR6 = t/2 in the above integral, the integral limits becomes 0 to 1 and

46 — dt

Now, the integral can be represented as

1 t r
|:)\__r/<tz ) dt
0 2 2T6) a5 1y
' dt

) \/g 1_;
el

1 - =4
~svarr () (-7 e

(A.5)
0
Using [66, (7.2.4.42)], the above integral can be obtainetié form of Appell Hypergeo-
metric function as

év év _z
Expression (4.24) can be obtained by using the above solatimtegral in (4.23).

I—LF(D r—i—}}rr—i—31 !
_2\/§<25)r A 27277

(A.6)
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