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Chapter 1
INTRODUCTION

1.1 Multipath Fading Channels

In mobile communication systems, the incoming radio wave arrives at the
receiver in multiples with different propagation delays and attenuation levels
due to reflection, refraction and scattering caused by natural and man-made
structures. This phenomenon is referred to as multipath effect. These waves
having randomly distributed amplitudes, phases and angles of arrival com-
bine vectorially at the receiving antenna and cause the received signal to
experience fading. As a result of the relative motion between a mobile and
a base station, each multipath wave experiences an apparent frequency shift
which is called Doppler spread and is directly proportional to the velocity
and direction of motion of the mobile with respect to the direction of ar-
rival of the received multipath wave. Fading is used to describe the rapid
fluctuation of the amplitude of a radio signal over a short period of time
and it is due to time variant multipath characteristics of the channel. In the

following subsections, first the mathematical model of the fading channel is



presented then, statistical channel correlation functions is described lastly,

the important statistical models of flat fading channels are discussed.

1.1.1 Mathematical Model of the Fading Channel

Let the transmitted signal arrives at the mobile station (MS) from N paths,
and each path has its own angle of incidence ,(t) , amplitude a,(t) and
time delay 7,(¢), forn =1,2,...,N.

The doppler shift is given by [13]

fD,n(t) = fmcoscpn(t) (1-1)

where f, = ;-, v is the velocity of the mobile station and A. is the wavelength
of the electromagnetic wave.

Consider the transmission of the band-pass signal,

s(t) = R{u(t)ezp(y2r f.t)} (1.2)
where u(t) is the complex low-pass signal and f, is the carrier frequency. The

received band-pass waveform is

z(t) = R{r(t)ezp(j2nf.t)} (1.3)
where the received complex low-pass signal is given by
N
r(t) = z an(t)e—j21r[(!c+fo.n(t))rn(t)—fn.n(t)]u(t — (1)) (1.4)
n=l1

which can be simplified to

r(t) = i an(t)e 7yt — 7 (2)) (1.5)



where ¢, (t) = 27[(fc + fo,n(t))™(t) — fpa(t)] is the phase associated with
the nt* path.
From Equation 1.5, the channel can be modeled by a time-variant linear

filter having the complex low-pass impulse response [1]

c(r,t) = ‘Zj an(t)e 705 (1 — 7. (2)) (1.6)

n=1

where t is the observation time and 7 is the application time of the im-
pulse, a,(t), T.(t), #»(t) are the random time-varying amplitude, arrival time
and phase sequences respectively.

Since f. + fpa(t) is very large, a small change in the path delay 7,(t)
causes a large change in the phase ¢,(¢). At any time ¢ these random
phases may result in a constructive or destructive addition of the components.
On the other hand, the amplitudes a,(t), which depend on the scatterrers
medium, do not change significantly over small spatial distance. Therefor
fading is primarily due to time variations in the random phases @, (t) that

are caused by doppler shifts fp ,(¢).

1.1.2 Statistical Channel Correlation Functions

Bello [2] proposed the notion of wide-sense stationary uncorrelated scaterring
(WSSUS) to model fading phenomenon. WSSUS implies that the attenua-
tion and phase shift of the channel associated with one path delay 7 is
uncorrelated with that of another path delay . With such a model of fad-
ing channels, Bello was able to define functions that apply for all times and

all frequencies. Four functions are used to model the mobile channel and



they are disscused below.
The first function is the autocorrelation function of the impulse response

of the channel

Re(ri,12; A1) = 2 Ele(m; )¢ (mai £ + A)] (1.7)

Under the assumption of WSSUS, Equation 1.7 [1] can be simplified to

R (71, 72; At) = R.(11; At)d(m, — 72) (1.8)

where R.(7; At) = {Elc(r;t)c" (75t + At)]

An important quantity is the value of R.(7;At) at At = 0. R.(7;0) =
R.(7) is referred to as Multipath intensity profile (or delay power spec-
trum ). It represents the average power of the channel at a relative path
delay of 7. For a single transmitted impulse, the time 7}, between the first
and last received component represents the Maximum excess delay (or Mul-
tipath spread of the channel).

The second function is the Spaced-frequency correlation function R.(A f),
which is the Fourier transform of the Multipath intensity profile of the chan-
nel R (7).

The range of frequencies over which the channel passes all spectral com-
ponents with approximately equal gain and linear phase is referred to as
coherence bandwidth (A f). of the channel and is approximately inversely
proportional to Tni.e. (Af)e =~ 7= [1]

The above two functions describe the selectivity of the channel . The channel

is referred to as frequency non selective when T, > T,, , otherwise it



is frequency selective, where T is the symbol time duration. Frequency
selectivity occurs whenever the received multipath components of a symbol
extend beyond the symbol time duration T, causing intersymbol interference
(ISI). The equivalent condition for T, > T, as viewed in frequency domain
is (Af)c > W where (Af). is the coherence bandwidth of the channel and
W is the signal bandwidth. Consequently, a channel is frequency non selec-
tive when (Af). > W, otherwise it is frequency selective. Frequency non
selective is referred to as flat fading.

The other two functions describe the time variations of the channel and
they are the doppler power spectrum S(\) and the spaced-time cor-
relation function R.(At). The Doppler power spectrum gives knowledge
about the spectral spreading of a transmitted sinusoid (impulse frequency)
in the doppler shift domain. Doppler spread is the width of the doppler
power spectrum denoted by fp and it usually ranges from 20 Hz to 100 H =.
The Fourier transform of doppler power spectrum S()\) is Spaced-time cor-
relation function R.(At). This function specifies the extent to which there is
correlation between the channel’s response to a sinusoid sent at time ¢, and
the response to similar sinusoid sent at time t; + At. The coherence time
(At). is a measure of the expected time duration over which the channel’s
response is essentially time invariant and it is related to doppler spread
by (At). ~ ﬁ Slow fading happens if the condition (At). > T is satisfied,
otherwise it is fast fading.

A function that combines both frequency and time effects is called the

Scattering function S.(7; A\) of the channel. It provides a measure of the



average power output of the channel as a function of the time delay and the

doppler frequency. The Scattering function is defined as

Se(T; A) = / = Ru(r; At)e™ At d(At) (1.9)

Doppler power spectrum is related to the Scattering function by

S(A) = / S.(r; ) dr (1.10)

1.1.3 Statistical Models of Flat Fading Channels

In flat (frequency non-selective) fading the channel affects the transmitted
signal by introducing a fading envelope and a random phase. In slow fading
it is assumed that the phase and the fading envelope are constants over at
least one symbol duration. Depending on the nature of the radio propa-
gation environment, there are different models which describe the statistical

behavior of the fading envelope a(t) = |r(t)| where r(¢) is the received signal.

e Rayleigh Model

The Rayleigh distribution is frequently used to model multipath fading
with no direct line-of-sight (LOS) path. For an unmodulated carrier,

the received complex low-pass signal at any time ¢ is

N
r=3 an.e’® =ae’ = X +;V. (1.11)

n=1
In analyzing the amplitude of the received signal r, the following ap-

proximations are usually assumed to be valid [3, 4]



— The received signal consists of a large number of plane waves.
— There is no correlation between the plane waves.

— There is no correlation between the phase and the amplitude of

one plane wave.
— The phase, ¢,, is uniformly distributed in [ 0,27]. With these assump-
tions and using the central limit theorem, r becomes a complex Gaus-

sian process, and X and Y are Gaussian RVs with

E(X]|=E[Y] =0,0% =0}

Q
7 E(XY]=0 (1.12)
where Q = E[a?(t)].
In this case, the channel fading amplitude is distributed according to
20 2
pla) = Fezp(—5) a2 0 (1.13)
It follows that the instantaneous SNR per symbol of the channel v, is

distributed according to the exponential distribution

1 Y
= —ezp(—=),7=>0 (1.14
D~ 7 ( 'Y) )

where % is the average SNR per symbol. The amount of fading (AF)
associated with any fading pdf was introduced by Charash [5, 6] as a

unified measure of the severity of the fading

var(a?)

o5 (1.15)

AF =



The Rayleigh distribution therefor has an AF equal to 1 and typically
agrees very well with experimental data for mobile systems where no
LOS path exists between the transmitter and receiver antennas [1]. It
also applies to the propagation of reflected and refracted paths through
the troposphere [7] and ionosphere (8], [9] and to ship-to-ship [10, 11, 12]

radio links.

Rician Model

The Rice distribution is often used to model propagation paths con-
sisting of one strong direct LOS component and many random weaker

components. Here the channel fading amplitude follows the distribu-

tion
p(a) — &S;-I\_).e—l(_o (:'1+K)Io(2a &g{*—ll)’a >0 (1]_6)

where K is the Rician fading parameter which ranges from 0 to oo and

I, is the bessel function of the first kind of order zero .

The AF of the Rician distribution is given by [13]

1+ 2K
YR k>0 (1.17)

AF = —————o |
(1+2K)? K2

Hence the amount of fading ranges from 0 to 1. The Rician distribution
spans the range from Rayleigh fading (K=0) to no fading (constant
amplitude) (K = oo). This type of fading is typically observed in the



first resolvable LOS paths of microcellular urban and suburban land
mobile [14], picocellular indoor [15], and factory [16] environments. It
also applies to the dominant LOS path of satellite [17, 18] and ship-to-
ship [10] radio links.

e Nakagami Model

The Nakagami distribution is proposed by Nakagami [19) to fit empirical data
and is often used to model multipath fading for the following reasons:

1- Flexibility in matching experimental data more than Rayleigh and
Rician distributions [20].

2- Nakagami distribution can model fading conditions that are either
more or less severe than the Rayleigh fading. When m = 1, the Nakagami
distribution reduces to the Rayleigh distribution, when m = 3. it becomes
a one-sided Gaussian distribution, and when m — oo, the distribution ap-
proaches that of an impulse, thus representing the no fading AWGN channel.

3- Rice distribution can be approximated by Nakagami using the following

relations:
m2 —m

m—vm2—m

This is accurate for small values of SNR. {21].

K= ,m>1 (1.18)

The Nakagami distribution is given by

2mma?m! ma?
=== _ >

The Nakagami distribution is defined by two parameters which are Q =

Ela?(t)] and m =

-;- (1.19)

2
var(a?)”
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The reciprocal of m is the amount of fading, that is AF = # So, large m
models the case of less fading. The Nakagami distribution spans the widest
range of AF ( from 0 to 2 ). The instantaneous SNR per symbol of the

channel v has the Gamma distribution [13]

m-—1 my

PO = (@) Fry e~ ) (1.20)

More on the use and derivation of the Nakagami fading model can be found

in the paper by Braun and Derush [3]

1.2 Modulation

The adoption of the modulation techniques is very crucial for the design of an
efficient mobile communication system. Modulation techniques are adopted

based on the following requirements [22]:

e High spectral efficiency, to accommodate a number of subscribers over

a limited spectrum.

e High power efficiency. Since small battery size is usually used, the

power efficiency for the transmitter amplifier should be high.

e High fading immunity. Terminals for mobile communication systems
are located in multipath fading environments. Therefore, they should

be operated under time-varying multipath conditions.
e Low carrier-to-cochannel interference power ratio (CCI)

e Low out-of-band radiation
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e Constant or near constant envelope
e Low cost and ease of implementation

Figure 1.1 shows classification of the common modulation schemes based
on these three requirements. During late 70’s and early 80’s, constant en-
velope digital modulation schemes using a nonlinear amplifier were stud-
ied. As a result of these studies, Gaussian filtered minimum shift keying
(GMSK) [24, 25], Phase-locked loop quaternary phase shift keying, PLL-
QPSK [26], 4-level frequency modulation, FM [27] and tamed FM [28] were
developed. Among these, GMSK was selected as the modulation scheme for
the European digital cellular system GSM and the DECT system [23].

In the mid-1980’s when the capacity became a limiting factor, develop-
ments of linear modulation having a 2 bits/s/Hz transmission ability were
started [29]. Feher's QPSK (FQPSK) and FQAM [30] are two modulation
schemes which have their spectra compact even if they are amplified by a non-
linear amplifier. 7/4-QPSK [29] was applied to Japanese [31] and North

American digital cellular standards [32].

1.2.1 Quadrature Amplitude Modulation (QAM)

Since the late 80’s there has been development of modulation schemes with
spectral efficiency greater than 2 bits/s/Hz such as 16-QAM (33, 34]. 16-
QAM or multi-carrier 16QAM (M16QAM) have been applied to the Japanese
multichannel access (MCA) system [35] , the Japanese public PMR sys-
tems [36] and the ESMR system in the US [37]. A 64 kbit/s 16-QAM mo-

dem using a digital pilot aided technique with fade compensation has been
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reported by Sampei (38]. This modem gives about three times better capac-
ity than that of GMSK. Sampei [39] has proposed a 6-channel trellis-coded
16-QAM/TDMA system. He has shown that the channel capacity of the pro-
posed system is two times larger than that of 7/4 QPSK. QAM modulation

scheme will be presented in detail in Chapter 3.

1.3 Principles of Diversity Combining

In order to improve the reliability of communications on wireless radio chan-
nels, some techniques have to be employed to mitigate the effects of mul-
tipath fading. Diversity reception is one of the well known methods that
can be used for that purpose. The idea behind diversity is to extract the
information from signals received via multiple fading paths to improve the
resultant SNR. Diversity systems can be classified into two broad categories.
These are microscopic (micro) diversity systems and macroscopic (macro) di-
versity systems. Microdiversity techniques are used to compact the effects of
short-term (multipath) fading [40]. The term micro is used because decorre-
lation between received signals occurs if the separation between the antennas
is on the order of one-half of a wavelength [40]. Macrodiversity techniques
are used to combat the effects of long-term fading (shadowing). The term
macro is used because large spatial separation between the macro diversity
ports is needed to achieve decorrelated shadowing [40]. Good references on
the topic of diversity systems are [40, 41, 42]. In the following we discuss the

microscopic diversity since we are interested in the short-term fading.
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1.3.1 Microscopic Diversity Techniques

Microscopic diversity techniques can be further classified according to the
method used to provide multiple fading signal paths. These include the use
of different frequencies (frequency diversity), different time of transmission
(time diversity), different antennas (space diversity) and different polariza-
tion (polarization diversity). In this thesis, the emphasis will be on the use
of space diversity techniques. Space diversity techniques are very attractive
because the diversity improvement can be achieved with no extra power or
bandwidth, but at the expense of increase system complexity. Diversity re-
ceivers can also be classified as either pre detection or post detection. For
coherent detection both of the classifications will offer the same performance.

In the following, pre detection diversity reception is discussed in some detail.

1.3.2 Predetection Diversity Combining Schemes

In predetection diversity, the signals received by the different branches or
antennas are combined at the IF level, and the resultant predetection signal
is then demodulated. That is, combining is done before the detection or the
demodulation process. Different forms of predetection combining schemes
have been proposed in the literature. The most relevant space diversity com-
bining schemes are maximal ratio combining (MRC), equal gain combining
(EGC), and selection combining (SC).

The resultant signal at the output of an L-branch MR, EG, or SC prede-

tection diversity combiner is given by



L
To(t) = gg,-[r,- (¢) + ni(t)] (1.21)

where n;(t) is an additive Gaussian zero mean noise, and r;(¢) is the signal

received by the i** branch and is given by

Ti(t) — ai(t)ejdi(t)ej(21rfct+¢m(t)) (122)

where f. is the carrier frequency , ®,,(t) is the desired information signal,
a;(t) is a random amplitude process, and 6;(t) is a random phase process.
The values of the gain factors, g;, depend on the type of diversity combining
schemes used. In MR combining, the signals received from the different
branches are weighted in proportion to their voltage to noise power ratios,

co-phased, and then summed. That is the MR gain factors are given by [40]

~ (1.23)

9i =k

where k is an arbitrary complex constant, and N; is the average noise
power in the i*®* branch. MRC is the optimum form of linear diversity com-
bining schemes [43] since it gives the best performance improvement among
all combining schemes. In MRC, the branch gains are continuously adjusted
to give the maximum predetection SNR.

In EGC, the outputs of the different branches are co-phased, equally

weighted and then summed. The EG gain factors are given by

gi = e—J(r’:l(l). (1-24)
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In selection diversity, the branch with largest SNR is selected and cophas-

ing of signals is not needed. Hence, the SC gain factors can be written as

1 ifi=s
-""‘{ 0 ifi#s (1.25)

Where s is the index for the branch with highest SNR.
Recently Milstein [44, 45, 46| considered a new combining scheme called
generalized selection combining scheme (GSC). GSC is a scheme in which
we choose the L. largest signals from L total diversity branches and then

coherently combine them. When L. = L we have MRC and when L. = 1 we
have SC so MRC and SC are special cases of GSC.

1.4 Literature Review

The performance of different modulation schemes with and without diver-
sity schemes has been analyzed, derived or simulated over Nakagami fading
channels in many literature. In the following subsections, we present an up-
to-date survey of the published work in this area. In the last subsection the

proposed work is discussed.

1.4.1 Performance of Different Modulation Schemes
over Nakagami Fading Channels

The performance of binary phase shift keying (BPSK) systems in Nakagami
fading channels has been studied by Wojnar [47] in which closed formula

for the bit error rate (BER) of binary systems for coherent and noncoherent
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detection is derived. The performance of M-ary phase shift keying (MPSK)
in Nakagami fading channel is derived in [48] based on an approximation.
Aalo in [49] analyzed the error rate performance of coherent MPSK signals
in Nakagami fading channel and derived a closed form expression for integer
values of Nakagami parameter m. The performance of M-ary differential
phase shift keying (MDPSK) and differential quaternary phase shift keying
(DQPSK) are analyzed in [50] and [51] respectively.

1.4.2 Performance of Different Modulation Schemes in
Nakagami Fading Channel with Different Diver-
sity Combining Schemes

e Maximum Ratio Combining Scheme

The performance of binary signals with L-branch maximum ratio com-
bining diversity (MRC) in Nakagami fading channel has been studied
in [52] and a closed form for BER performance has been derived only
for integer values of Nakagami parameter m and identical fading pa-
rameters across all diversity branches. The BER performance of MRC
rake receiver in Nakagami fading channel has been derived in [53] for
arbitrary values of the Nakagami parameter m but keeping this value
identical for all diversity branches. In {54] the performance of binary
signals with MRC has been derived for arbitrary parameters. A closed
form expression for it has been obtained in [55] with arbitrary values of

fading parameter and different averages across the diversity branches.

The effect of correlation between diversity channels on the performance
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of MRC diversity reception system has been studied in [52] and [48] but
the analysis has been limited to dual branch diversity systems. In [56]
the performance of MRC with L correlated branches has been eval-
uated for two correlation models namely constant correlation model
and exponential correlation model. Extention to a general correlation
model has been given in [57] on the basis of L variant moment gener-
ating function MGF of the random input power vector. In [58] Zhang
also analyzed the performance of MRC in a correlated Nakagami fading
channel with arbitrary branch covariance matrix using the character-
istic function for the SNR at MRC output avoiding the difficulties of

obtaining the pdf of it.

Equal Gain Combining Scheme

The analysis of equal gain combining diversity (EGC) in Nakagami fad-
ing has been first studied by [48]. Expressions for the outage rate for
error probability and average error probability for M-ary phase shift
keying (MPSK) at the output of a dual branch equal gain combiner
have been derived in [48]. The analysis of equal gain combiner for
L > 2 has been done lately by A.Abu-dayya [59] where he derived an
infinite series of the complementary probability distribution function
(cdf) of the signal to noise ratio (SNR) at the output of the EGC com-
biner. The analysis has been done by making use of the convergent
infinite series for the complementary distribution function (cdf) and
the probability density function (pdf) of a sum of independent random

variables rv’s which have been derived by [60]. Bit error rate perfor-
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mance of coherent and noncoherent binary systems with L-branch EGC
in Nakagami fading has been derived. The performance of MDPSK and
DPSK with equal gain combining in Nakagami fading has been derived
in [61] and [62] respectively.

e Selection Combining Scheme

The performance of selection diversity systems in Nakagami fading has been
studied first by [63] but the analysis has been limited to binary signaling and
two branches.The analysis has been extended in [64] to L-branch selection
diversity of M-ary noncoherent frequency shift keying MNFSK signals and
closed form formula for the symbol error probability has been derived. A
formula for the performance over Rayleigh fading has been obtained as special
case of Nakagami. In [65] BER performance of coherent and noncoherent
binary systems with L-branch selection diversity have been derived.

The effect of correlation on the performance for dual branch selection
diversity system with NFSK signaling has been examined first by [66]. The
performance of L-branch selection diversity system in correlated Nakagami
fading channels were studied in [67] where the joint distribution of L corre-
lated variables was used based on a series expansion in terms of the Laguerre
polynomials [68].

The most important contribution of evaluating error performance of dig-
ital communication systems over generalized fading channels has been done
lately by alouini {69, 70, 71, 72]. The new approach does not attempt to
compute or approximate the probability density function (pdf) of the sig-

nal to noise ratio (SNR) at the output of the combiner and then average
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the conditional BER over that pdf. Instead, it takes advantage of an alter-
nate form of the Gaussian Q-function [73] and the resulting alternate inte-
gral representation of the conditional BER as well as some known Laplace
transforms and/or Grauss-Hermitte quadrature integration to independently
average over the pdf of each channel that fades. In all cases this approach
leads to expressions of the average BER that involve a single finite range
integral whose integrand contains only elementary functions and which can

be easily computed numerically.

1.4.3 Performance of M-ary Quadrature Amplitude Mod-
ulation Scheme in Different Channels

The performance of M-ary quadrature amplitude modulation in additive
white Gaussian noise AWGN is available in many literature i.e [1]. In [74] the
performance of M-QAM in Rayleigh fading channel with two-branch maxi-
mum ratio combining diversity (MRC) has been derived. Kim [75] derived
the BER of M-QAM L-branch MRC diversity reception in Rayleigh fading
channel using a series expansion of the complementary error function and the
error rate expression is in the form of an infinite series rather than a closed
form. Error probability performance of L-branch MRC and SC of M-QAM
in Rayleigh fading channel have been derived in [76].

The bit error probability of M-QAM in Rician fading channel has been

derived in [77].
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1.5 Proposed Work

The aim of this Thesis is to evaluate the performance of M-ary Quadrature
Amplitude Modulation (M-QAM) scheme in slow Nakagami fading channel.
we choose M-QAM because it is a very effective technique to increase channel
capacity. If 16-QAM is used, it is possible to carry out 64kb/s transmission
with almost the same channel spacing as that of the present analog systems
(less than 30 kHz). It gives about three times better capacity than that of
GMSK [22]. Since Nakagami spans the widest range of fading conditions so
it is a good model for fading channels. This combination (i.e M-QAM over
Nakagami) has not been studied before. We will derive the performance of
M-QAM over Nakagami fading channel without/with different diversity com-
bining schemes (MRC,EGC, and SC) . Theoretical results will be verified by
simulation. The performance of M-QAM over Nakagami fading channel will
be simulated for different M, different branch diversity L and different Nak-
agami parameter m. In particular we will consider the valuesm = 1,2,4. The
Thesis is organized as follows. In Chapter 2, performance of M-QAM over
Nakagami fading channel without/with different diversity combining schemes
(MRC,EGC, and SC) will be derived. Simulation results and observations
are presented and discussed in Chapter 3. Conclusions and recommendation

for future work are summarized in Chapter 4.



Chapter 2

PERFORMANCE ANALYSIS
OF QUADRATURE
AMPLITUDE MODULATION
IN NAKAGAMI FADING
CHANNELS

2.1 Introduction

In this chapter the performance of M-ary Quadrature Amplitude Modulation
(M-QAM) in Nakagami fading channel is analyzed. Both diversity (MRC,
EGC and SC) and nondiversity schemes are considered, and closed formulas
for symbol error rate (SER) are derived for each case. In the next section the
transmitted QAM signals and the multipath channel model are described.
The performance of QAM in Nakagami fading channels without diversity is
derived in section 2.3. The performance of the system under MRC, EGC,

and SC is analyzed in section 2.4.

22
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2.2 System and Channel Models
2.2.1 Transmitted QAM Signals

The M-ary QAM signal transmitted over one signaling interval may be rep-

resented as [13]
sm(t) = AR((z], + jzl)gr,e >, 0< t < T,, m=1,2,..,. M  (2.1)

where gr, is a rectangular pulse of duration Ty, f, is the carrier frequency,
and { z,, =z, + 5z } is the source symbol sequence that results from map-
ping successive k—bit blocks into one of M = 2* possible waveforms where k& is
an even number. The variables z], 3 take the values { ¥1,F3,..., F(N-1)
}, where N = VM.

The quadrature representation of QAM signal is

b) /
sm(t) = -5'4 z! cos (27 f.t) + 2,?" z8 sin (27 f.t) (2.2)

0 S t ST.h m = 1721"'31"[

Where E4 is the energy of the basic pulse gr,. The energy of the symbol
Tm is Ep, where E,, = E4|znq|%. The average symbol energy E,,, is related
to E4 [13] as :

2(M —-1)

3 E,4. (2.3)

Eavs =

The average energy per bit is

E
Egp = —=2 .
’ log, (M)



24

The signal space constellation for 16-QAM is shown in Figure 2.1.

From equation 2.2 it is clear that QAM signal is equivelant to two PAM
(Pulse Amplitude Modulation) signals. It implies that we can transmit
M = N? idependent symbols within the same bandwidth of one M-ary PAM

scheme.

2.2.2 Multilink Channel Model

We consider a multilink channel where the transmitted signal is received over
L independent slowly flat Nakagami fading channels, as shown in Figure 2.2.
In this figure, { r,(t) }L, is the set of received replicas of the transmitted sig-
nal sm(t) where [ is the channel index, { a; },, { 6, }2,, and { 7y }£, are the
random channel amplitudes, phases, and delays, respectively. It is assumed
that the sets { a; }/~,, { & }/,, and { 7 }~, are mutually independent.
The first channel is assumed to be the reference channel with delay 7, = 0.
Without loss of generality, we assume that 7, < 7, <,---, < 7.. Because of
the slow fading assumption, it is assumed that the { oy }£,, { 6; }%,, and
{ 7t }{~, are all constant over a symbol interval. The fading amplitudes { o
}£., are assumed to be statistically independent identical Nakagami random
variables (r.v.). Each Nakagami r.v. has a mean square value a? which is
denoted by §2; and whose square is a Gamma random variable. After passing
through the fading channel, each replica of the signal is corrupted by Addi-
tive White Gaussian Noise (AWGN) with a one-sided power spectral density
N, W/H,. The AWGN is assumed to be statistically independent from chan-

nel to channel and independent of the fading amplitudes { o; }£.,. Hence,
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the instantaneous SNR per symbol of the [** channel is given by «, = 31;%,
where E; is the average energy of the symbol and the average SNR for all

the channels is the same 7 = «,.

2.3 Performance of QAM in Nakagami Fad-
ing Channel

The probability of symbol error for M-ary QAM signals in AWGN channel

can be expressed as [1]

L B L, [ LB i
P(e) = 4(1 — \/_A_/[)Q( 2g9a E) —4(1 - \/7) Q°(1/29c M) (2.5)

where ¢ = 2(_)\43-—1) and E; is the received average energy per svmbol and
a =1 for AWGN.
The above expression can be viewed as the conditional error probability

for a given value of received SNR (v = az%,:) and thus can be rewritten as

P(ely) = 4(1 — —&)Q(\/zm) — 41— 71—N—;)2Q2(\/2m) (2.6)

Since « is a Nakagami random variable a? is a Gamma random variable
g

and so is . Therefore the pdf of «y is given by :

p(7) = (2)’"%@(——’?) (2.7)

The average symbol error rate Ppgans(€e) of M-QAM in Nakagami fading

channel is obtained by averaging the conditional P(e|v) over the pdf of ~,

Pugam(e) = [ P(el7)p(y) dv (2.8)
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Figure 2.1: 16-QAM signal constellation
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Substituting Equation 2.6 in Equation 2.8,

Puroan(e) —4(1—\,—_ Z Q(\/2g )y —4(1 - \/—)fp( 7)Q%(y/297 )dv

12

(2.9)
Equation 2.9 consists of two terms, /; and /,. Substitute Equation 2.7 in

Equation 2.9 to obtain

h= [T 0/ (2 L eon(- ") dy (2.10)
b= [T Qe (S T ern( - (2.11)
Milstein [53] derived the following closed form integral.
Jm(a,b) = r((l;) :e-a‘tm—lQ(\/E)dt, m >0 (2.12)
Il = o +f\m+ ll:((:n”:l)(oﬂu m + ; m+ 1 ILH)) (2.13)

Where ¢ = % and ,F\(-,-,---;-) is the Gauss hypergeometric function.

When m is a positive integer, the integral J,,(a,b) reduces to [1]

Inte,t) = Jn(@ = (PO S ("7 T F Ju-p@l

k=0

where
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P(z) = (1 - /7%)

To evaluate I, we let

a=32
’,'7'
b=2g
c= 29 — 9
2% m

in Equation 2.14 then we have,

_ Ly [ m=(m-1+k) 1 9T
Il_[2(1 m+g7)] é( . )[2(1+ m+g7)]k (2.15)

To evaluate I, we will make use of available literature results. The sym-
bol error probability for quadrature phase shift keying QPSK over AWGN

channel is [1]

Popsk(e) = 2Q(,/27) — @*(/27) (2.16)

and that for BPSK is [1]

Papsk(e) = Q(y/27) (2.17)

From Equation 2.16 and 2.17, we can write

Q2(\/2‘7) = 2Pgpsk(e) — Porsk(e) (2.18)

Substituting Equation 2.18 in 2.11 yields,

I =2 g Pppsk(€)ly=gp(7)dy ~ g Popsk(€)ly=gvp(7)dY (2.19)
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I = I3 — I, where

m—l

I3 =2 f Pppsk(€)|y=g+( _.) I"( )ez:p( = ZY) ay (2.20)
and
f PQPSK(C)I”I—Q‘Y(,Y) T(m )6 P(‘T)d’Y (2.21)

Sandeep [78] showed that the average symbol error rate of MPSK over N

i.i.d Rayleigh fading channels, is given by

Prppsk = {PMPSK(e)F—V = e vdvy (2.22)
has the closed form
M-1 1 tan“(a) 1
Pursi = 2oty + L & (%) o
sin(tan~Ya)) Y=l & .
( o () > Z(Ii 1)k[cos(tan La)]2k-1+11 (2 23)
! k=1 i=1
in which
p = Jaysin(f),
B= k=
_ \/—cos(—)
VvV #ui+1
a = logg(.M)

T =

2k
k
() Jeones
4 (2(k—i)+1)

Equation 2.22 can be used to evaluate /3 and 14 by letting M = 2 for I3
and M =4 for I; and a = glogo(M), N = m,5 =

=
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et (26
L=[1- /2o ( ! ) o] (2:24)

Where
Ky = 9"?
B = ;—"*—:79—_7-
a; =0
and
tan_ 1(02 (2% 1
s A g( ) sz
m-1 k
szn(tan az) zl lz:l l)k[cos(tan o )]2(k ;)+1} (2 25)
Where
Qo = \/m+ —
B2 = \/;%
since [2 = 13 — 14
= po = p and
br=pB=p
we obtain
1 1 tan~ 1(a2 m k 1
N R Z( )m

sin(tan™!(ay)) 2!

™

i(uz 1)k[°"s(t‘m L)1 (2.26)
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The values of I} and [ will be utilized to evaluate the performance of
MQAM over Nakagami fading channels using Equation 2.9, repeated her for

convenience

Pugas = AL = ) = 4(1l = =), (2.27)

The performance of MQAM over Rayleigh fading channel can be obtained

by subtituting m = 1 in /, and I, then Equation 2.27 becomes

_ 2
Puaan = a(5%) - (1 - F(tan' () (2.28)

where ¢ =4(1 — =) and p = \/T%'
Equation 2.27 matches the result obtained by [79, Eqn.(4.38)] and it also

matches the result obtained by [77, Eqn.(44)] for M = 16.

2.4 Performance of QAM in Nakagami Fad-
ing Channels with Diversity Schemes

2.4.1 MRC Diversity

MRC is the optimal diversity scheme since it results in a maximum likelihood

receiver [13]. The output of the MRC combiner is given by [13]

L
Tmre = Zﬂ/l- (229)
=1

For MRC diversity, the conditional error probability of M-QAM is

1 1 )
P(e|Ymre) = 4(1 — W)Q(,/zgym) —4(1 - ﬁ)%g (V/297mre)  (2.30)
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which is conditioned at a fixed value of SNR 7, where vpre = SEy =
,Lalzf—f,: and v, is the instantaneous SNR for each channel.
To get the average symbol error probability of M-QAM in Nakagami

fading channel we average the conditional P(e|vmrc) over the pdf of Ymre

PMQAM,mrc(e) = { P(eh’er)p‘ymrc ('7mrc) d7mrc (2-31)

Since each -, is a Gamma random variable and the analysis is done where
we have i.i.d Nakagami fading channels the pdf of v, is also a gamma

rv [19],

m’Ymrc Mamre 'yz;lgxrc ! m'Ymrc Ymre
p mrc ’7 = erp(_h) (2'32)
v (Ymre) Ymre I(m,,...) Tmre

With the parameters ¥, = L% ,m,_._ = Lm where 7 is the average SNR

for each channel we can rewrite Equation 2.32 as

= 07 dmre oy M 0mre
p’Tmrc(’YmTC) I F(Lm) e-Ep( 7_7 ) (2.33)

Following the same steps in evaluating the performance of M-QAM in
Nakagami fading channels without diversity Equation 2.27 and noting that
Prymee (Ymre) = P (7) |m=Lm,7=L7,'y='rm.-c
The performance of M-QAM in Nakagami fading channels with MRC can be

expressed as

1 1
P, mre = 4(1 = —=)1; — 4(1 — —)?I. 2.34
MQAM, ( m) 1 ( m) 2 ( )
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where
= e Lm—-1+k =
L= 301 = \/78=)fm Timy! ( P ) [ta+ /)
and
n—! m— 2k
L =[; - B{(3 — =) simt L >mﬁz—
st n—! m— . — —i
szzl Lyk m_fw[ms(tan Lay)2k=i+1y
and
— F . V2 _ ¥
k=20 =VE
@ = /5
_ o=
B = V migy

(2k>
k
Ty =

e

For Rayleigh fading with m = 1, Equation 2.34 matches the result ob-

tained by {79, Eqn.(4.39)].

2.4.2 EGC Diversity

Equal gain combiner EGC equally weights each branch before combining and
therefore does not require estimation of the channel fading amplitude. The

output SNR of the EGC is

L
ege = (3 au)? 2 (2.35)
~ TN,

Although there is no known closed-form exact expression for the pdf of

the sum of L i.i.d. Nakagami rvs, Nakagami [19] showed that a sum can be

accurately approximated by another Nakagami distribution with a parameter
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m, and average power 2, given by
m, = Lm
F2(m+1)
Q, = L1 + (L — 1) m‘r’;‘(* )>)
equivalently 7egc is a Gamma rv with the following parameters
— _ ?(m+L F(m+3)
m"/egc = Lm
This implies that the pdf of the output SNR of EGC is
Lm*tm 'Yfg'g_ m'Yegc

p7¢gc(7egc) == F(L ) .’Ep(

egc

) (2.36)

/egc

For EGC diversity, the conditional error probability of MQAM is

Pleleqe) = 4(1 — -\/—f—g)Q(\/zmgc) —4(1 - \/—lﬁ)zczz(\/zg%gc) (2.37)

which is conditioned at a fixed value of SNR ~,g4.. To get the average symbol
error probability p(e) of M-QAM with EGC in Nakagami fading channel we

average the conditional P(e|v.,) over the pdf of .4

oo
PIWQAIW,egc(e) = g P(e|7egc)p‘7¢gc ('Yegc) d7egc (238)

Following the same steps in evaluating the performance of M-QAM in
Nakagami fading channels without diversity but noting that
p'Y:gc (’Yegt:) = p‘r(’y)Im:Lm,7=7CQC'7=1¢9c

the performance of M-QAM in Nakagami fading channels with EGC is

1
Proamege = 4(1 — \/_)11 4(1 — W)% (2.39)

where

= Lm-—-1+k 7, :
1 9V eoe Lm—1 1 9"ch¢ k
=01~ Im+g7.g e Dpaiet ( k ) (z[1+ Lm+ﬁ<gc]
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and
-1(a _ 2k
= [ — B{(§ — e leady f-_'fhl( " )mzi—m:“
szn!tanﬁ“gazn ,E:n—l k 2+lkl) [cos(tan 02)]2(k—1)+1}
and
p=gE
— 9V ege
R ™
‘B — GYege
Lm+gﬁcgc
©
k
T = -
g 20k—13) \ .
(k — 1) 48 (2(k—i)+1)

2.4.3 SC Diversity

With SC the branch with the largest SNR per symbol is selected so the

instantaneous symbol energy-to-noise ratio is

E
Tse = max{7lv Y2y, 7[4} - amax IVS (2‘40)
where L is the number of diversity branches. The instantaneous symbol

energy-to-noise ratio on the {** diversity branch has Gamma pdf

m-1 :
oY= — - 2.41
! e F(m) ( )

where 7 is the average received symbol energy-to-noise ratio for the [** di-
versity branch and since the channels are independent identical Nakagami

distributed (i.i.d) so 77 = 7 for each diversity channel. The cumulative dis-
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tribution function (cdf) at the output of the SC combiner F, _ is

Fo.(¥se) = Pr[n < 7scm'72 < 'Yscn ‘e ﬂ')’L < Y] = [F—y(’)/sc)][' (2.42)

The pdf of the SNR at the output of the SC combiner is obtained by differ-

entiating Equation 2.42

Prac(Yse) = LIFL (7:e)]* 7' 0y () (2.43)
where
5 (Yse) = ?cpv(y)dy (2.44)
and
mm,ym 1 _my
p(7) = 7 T zp( ) (2.45)

Substitute Equation 2.45 in Equation 2.44 we obtaln

) = 20559 (2.46)
Y\ Vse) = F(m) 1 Yse 2 .

with (., .) denoting the incomplete Gamma function [80].

Substituting Equation 2.45 and 2.46 in Equation 2.43 we obtain

-1

-~ — W(m’ —%c.) lm 75(: MY
Pv,c(/sc)—L[Tm)‘]L 5 T " p(——— - —) (2.47)

Fedele [81] showed that when m is an integer the pdf of the SC output
P, (7se) (Equation 2.47) can be rewritten in terms of a finite series expressions

as

_1 SC m m
Do (ue) = }: (BT ) emmt-en e Z (et
=0
(2.48)
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where the coefficients b, can be recursively computed as
by = 1,0 =L, bnyyy = ey and for 2 < k < I(m — 1) — 1, bican be

computed by the following equation

1 & jl+1)—k
b= Z‘; b (2.49)
J:

with j, = min(k,m — 1). For SC diversity, the conditional error probability

of M-QAM is

Plel7sc) = 4(1 ~ \%ﬁm(\/zg%c) — 41 - 71_A;)2Q2(\/29~/,c) (2.50)

which is conditioned at a fixed value of SNR 7,. where v, = afnu%

and omg; is the maximum fading amplitude. So the average symbol error

probability of M-QAM in Nakagami fading channel with SC is

Prroansc(e) =/0 P(e|¥sc)Pryee (Vse) dYse (2.51)

Substitute Equation 2.50 in 2.51 to get

PMQAM'SC = 4(1 - \/——) f p(7sc Q(V 2g7sc)d7sc

— 40 - -2 T ,/2 ,cdsczsz
( N 1{1)(7 9Ysc)d.

12

Substituting Equation 2.48 in Equation 2.52 we obtain

. _ l(ml)l
’zr(m)z(l)( )Zb/ (V2o

k=0
m MYsc
(?) +ke:z:p(—(l+ 1) / )7sc+k ld")'.sc (253)
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k= e () B e e

k=0
(Z)™*eap(—(l + 1) T2 )y th=tay,, (2.54)
Y Y
Modify the integrand of I; so that it can be Of the same form as the

integrand of Equation 2.12

_ {(m-1) r k
= F(m)z(— )'( ) S o QW/2em)

1

[+1)m, . MYse
b (— (1 4+ )2 Lttty (259)

(

Let
a= ﬂ(%—‘l and

—_ ie i ; — b
b = 2g this implies c = =

so the result will be the same as the result of Equation 2.14, that is

L - ol Dm+k) mt

L= r(m)z( K ( ) R e
mEl e+ k—1+h A -

1- PR 2.56

N R TR E) (2.56)

where

Pie) = 3(1 ~ w) and w = /578y

To evaluate I we substitute Equation 2.18 in Equation 2.54 so [, = I3 — I,

where

L L—1 L—1 {(m—1)
I = mg(_w( l ) S 8 [ 2Pupsic(e/Mlu=21mom.

k=0
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(5 Zymtkerp(— (L + 1) ;’”)v'"*k Ly (2.57)

and

I, = 1)’ l(m_l)b‘ P,
L = F(m) Z( ( ) Z / rmpsk(e/7) M=t=gv.c

(g)mi-kexp(_(l_*_l) 736) m4-k— ld,ysc (2.58)

We modify Equation 2.57 and 2.58 so that their integrands will be the same
as the integrand of Equation 2.22

L-1\"T2Y | [(m+k)
) > bkm/ 2Pppsk(€)ly=gvac

k=0

L-1
I = —L—z(—l)'(

(l+ l)m 1

m+k—~1
d7sc .

(

)™ +Eerp(—(l + 1) 3

et T(m+k)

I = F(m)z(_ ),( - ) > bk(lH)M [ Porsk(e)lv=gn.
(l+1)m

(B Py mek (1 4 1) ey L

it AV 2.60

Using Equation 2.23 for Equation 2.59 and 2.60, we obtain

L L L-1\'"CY | D(m+k)
[3 = [‘(m) uzo(—l)[( > z bic(l_*_l)m-t-k

m+k-1 2% 1
ey (G )m] 260

h=0
and

L 4! b | C(m+k)

L -
e () e

(=0
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3 1  tan™ 1(cx) mEESY / 2h 1
GAGr——) X (h )[4(u_?+1)]"

szn(tanl(a mi li (u + Ty [cos(ta‘n. a)]z(h—')ﬂ}] (2.62)
Then
_ — 1\ Tm+ k)
L = F(m)Z( ( ) kz% Y
tan- (al m+k—1 1
[-—@““ 7 e Z:( )Mm+dﬂ
_ sm(tan CD) i i (u? +1);l [cos(tan™'ay)]XP~+1})(2.63)
h=1 i=1 \F1
with

u =B =/ Frmarn
Ht =\ misn

Finally, the values of I} and I, are substituted in Equation 2.52 to obtain

Proamse and it is repeated here

Pryoam,se =4(1 — 71_1\/7)[1 —4(1 - ?)2[2 (2.64)

We show in the following the error probability performance of MQAM over
Rayleigh fading channels with SC scheme and it is a special case of Equa-

tion 2.64. When m = 1, I, becomes as

—e S (P g iat - (265)
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where
m= G
We know that L( Ll—l)ﬁ = (l-i[:l) and we let n = [ + 1 then
Equation 2.65 can be rewritten as
L
n-t { L \,1
n=3 )[—(1 )] (2.66)
n=|\ n 2

— J— c
Tn = Mfi41=n = Vet

where ¢ = -‘ﬁi = 2(_Msz)7{ We know that ¥ = log, M7, where 7, is the

Blogo MY __ %

average bit SNR per channel — ¢ = M —Dn = pn

then Equation 2.66 can be rewritten as

L
=3 (-1 ( L ) 201~ ) (2.67)

&~

where ’\n = 1/#:—.——7_
<

for I, whenm =1,l+1=nand §; = oy = )\, then

L an-—l n

B o= LY (-1 ( t ) - — 2 ady (a6
L iy

R e G- G- w0 @69

L
I = LZ(—l)"-‘(f;)hl—%{tan—‘(%)}l (2.70)
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Let ¢ = 4(1 — 71A7) then Equation 2.64 can be rewritten as

Praamse =L 30" (5} (252 - Lo - e eanni by
(2.71)
Equation 2.71 is the same as [76, Eq.23] which is the performance of MQAM
over Rayleigh fading channels with SC diversity scheme.

It is worth mentioning that when Gray mapping is used, the average bit
error probability (BER) of MQAM is obtained by BER = %. The various
bit error rates of MQAM derived in this chapter are plotted in the following
chapter. The equivalent system will be simulated, and simulation results will
be used to verify the derivations.

The derivation of the symbol error rate of MQAM with GSC is very
complicated. Therefore, only simulation is used to evaluate the performance

of MQAM with this diversity scheme.



Chapter 3

Simulation and Discussion

3.1 Study Cases
3.1.1 Nakagami-m Distribution

As discussed in chapter 1, the Nakagami model is more general than any
other fading channel model. Nakagami can model different fading conditions.
Different family of Nakagami distribution is simulated and the results are

illustrated in Figure 3.1.

3.1.2 Performance of M-QAM in Nakagami Fading Chan-
nel

The simulation results of the performance of M-QAM in Nakagami fading
channel are presented. The simulation is performed for 4-QAM, 16-QAM
and 64-QAM with different Nakagami parameters (m = 1,2,4). The effect
of m is clear in Figure 3.2 - Figure 3.4. Large values of m model less fading

channels. Consequently, the performance improves with increasing m.

44
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3.1.3 Performance of M-QAM with MRC in Nakagami
Fading Channels

Simulation results for 4-QAM with MRC in Nakagami fading channels for
different fading conditions (different m) and different number of divrsity
branches are shown in Figure 3.5 - Figure 3.7. Figure 3.8 - Figure 3.10
show the simulation results for 16-QAM and Figure 3.11 - Figure 3.13 show
the simulation results for 64-QAM.

3.1.4 Performance of M-QAM with EGC in Nakagami
Fading Channels

The performance of M-QAM with EGC in Nakagami fading channels is sim-
ulated for different diversity branches and different fading conditions . The
results for 4-QAM are shown in Figure 3.14 - Figure 3.16, for 16-QAM are
shown in Figure 3.17 - Figure 3.19 and for 64-QAM are shown in Figure 3.20
- Figure 3.22.

3.1.5 Performance of M-QAM with SC in Nakagami
Fading Channels

The performance of M-QAM with SC in Nakagami fading channels is sim-
ulated for different diversity branches and different fading conditions . The
simulation results for 4-QAM are shown in Figure 3.23 - Figure 3.25. The
simulation results for 16-QAM are shown in Figure 3.26 - Figure 3.28. The
simulation results for 64-QAM are shown in Figure 3.29 - Figure 3.31.
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3.1.6 Performance of M-QAM with Generalized Se-
lection combining Scheme in Nakagami Fading
Channels

Simulation results of the performance of 4-QAM with GSC over Nakagami
fading channels are shown in Figure 3.32 - Figure 3.34 for different Nakagami
parameter m = 1, 2, 4 respectively. The simulation is conducted for a system
with number of diversity branches L=4. In these figures, the solid curve
labeled (a) represents the performance of GSC with L. = 3 (which is choosing
the three largest signals out of the total number of diversity branches L=4)
and the dashed curve labeled (b) represents the performance of GSC with
L.=2.

3.2 Simulation Results
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Figure 3.1: Different Nakagami-m distributions a- m = 3 one sided gaussian
distribution b- m = 1 Rayleigh distribution c- m = 4 which corresponds to

Ricean distribution with KX = 6.4775
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Figure 3.2: Performance of 4-QAM in Nakagami fading channel with different
Nakagami parameter (m = 1, 2, 4)
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Figure 3.3: Performance of 16-QAM in Nakagami fading channel with differ-

ent Nakagami parameter (m = 1, 2,4)
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Figure 3.4: Performance of 64-QAM in Nakagami fading channel with differ-
ent Nakagami parameter (m = 1,2, 4)
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Figure 3.5: Performance of 4-QAM with MRC in Nakagami fading channels,
(m=1)
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Figure 3.6: Performance of 4-QAM with MRC in Nakagami fading channels,

(m =2)




53

10 T L] ] L]

107

+ simulation
theoretical

-2

10°+

-5 0] 5 10 15 20
Eavb/No per channel (db)

Figure 3.7: Performance of 4-QAM with MRC in Nakagami fading channels,
(m = 4)
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Figure 3.8: Performance of 16-QAM with MRC in Nakagami fading channels,

(m = 1)
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Figure 3.9: Performance of 16-QAM with MRC in Nakagami fading channels,

(m=2)
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Figure 3.10: Performance of 16-QAM with MRC in Nakagami fading chan-

nels, (m = 4)
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Figure 3.11: Performance of 64-QAM with MRC in Nakagami fading chan-

nels, (m =1)
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Figure 3.12: Performance of 64-QAM with MRC in Nakagami fading chan-

nels, (m = 2)
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Figure 3.13: Performance of 64-QAM with MRC in Nakagami fading chan-

nels, (m = 4)
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Figure 3.14: Performance of 4-QAM with EGC in Nakagami fading channels,
(m=1)
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Figure 3.15: Performance of 4-QAM with EGC in Nakagami fading channels,
(m =2)
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Figure 3.16: Performance of 4-QAM with EGC in Nakagami fading channels,

(m = 4)
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Figure 3.17: Performance of 16-QAM with EGC in Nakagami fading chan-
nels, (m = 1)
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Figure 3.18: Performance of 16-QAM with EGC in Nakagami fading chan-

nels, (m = 2)




65

+ simulation
theoretical

-6 1 1 L

-5 0 5 10 15 20
Eavb/No per channel (db)

Figure 3.19: Performance of 16-QAM with EGC in Nakagami fading chan-
nels, (m = 4)
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Figure 3.20: Performance of 64-QAM with EGC in Nakagami fading chan-

nels, (m = 1)
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Figure 3.21: Performance of 64-QAM with EGC in Nakagami fading chan-
nels, (m = 2)
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Figure 3.22: Performance of 64-QAM with EGC in Nakagami fading chan-

nels, (m = 4)
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Figure 3.26: Performance of 16-QAM with SC in Nakagami fading channels,

(m=1)
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Figure 3.27: Performance of 16-QAM with SC in Nakagami fading channels,

(m =2)
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Figure 3.28: Performance of 16-QAM with SC in Nakagami fading channels,

(m = 4)
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Figure 3.29: Performance of 64-QAM with SC in Nakagami fading channels,

(m =1)
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Figure 3.30: Performance of 64-QAM with SC in Nakagami fading channels,

(m =2)
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Figure 3.31: Performance of 64-QAM with SC in Nakagami fading channels,

(m = 4)
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Figure 3.32: Performance of 4-QAM with GSC in Nakagami fading channels,
(m=1,L=4)a-L.=3,b- L. =2
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Figure 3.33: Performance of 4-QAM with GSC in Nakagami fading channels,
(m=2L=4)a-L.=3,b-L.=2
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Figure 3.34: Performance of 4-QAM with GSC in Nakagami fading channels,
(m=4,L=4)a-L.=3,b-L. =2
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Figure 3.35: Performance of 4-QAM with different diversity Schemes in Nak-
agami fading channels, (m =1, L = 4)
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Figure 3.36: Performance of 4-QAM with different diversity Schemes in Nak-
agami fading channels, (m = 2, L = 4)



83

3.3 Observations and Discussion
3.3.1 Matching between Theoretical and Simulation

e Figure 3.1 shows that there is a match between the simulation points
(*) which represent different families of the Nakagami distribution and

the corresponding theoretical curves (solid line ).

e The performance of M-QAM without/with different diversity schemes
over Nakagami fading channels which is derived in chapter 3 is con-
firmed by simulation in Figure 3.2 - Figure 3.31 for different Nakagami

parameter m, different size of M, and different number of branches L.

3.3.2 General Observation

e Large m models less fading conditions. Consequently, the performance

improves with increasing m as shown in all figures.

e As the number of branches increases the performance gets better be-
cause the number of received signals which suffer from deep fade which
is the main reason of the degradation of the performance will be re-

duced.

e The maximum gain acheived by diversity is for L = 2 and as the number
of branches increase the gain will increase but at slower rate.It should
be noted that the complexity also increases with increasing L, so it

may not be worth going to very high values of L.

e For the same order of diversity, the SNR gain offered by diversity with
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Figure 3.37: Performance of 4-QAM with different diversity Schemes in Nak-
agami fading channels, (m = 4, L = 4)
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Figure 3.38: Performance of 4-QAM with MRC and EGC over Nakagami
fading channels, (m = 1)
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Figure 3.39: Performance of 4-QAM with MRC and EGC over Nakagami
fading channels, (m = 2)
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Figure 3.40: Performance of 4-QAM with MRC and EGC over Nakagami
fading channels, (m = 4)
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Figure 3.41: Performance of 4-QAM with MRC and GSC over Nakagami
fading channels,(m = 1)
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Figure 3.42: Performance of 4-QAM with MRC and GSC over Nakagami

fading channels, (m = 2)
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Figure 3.43: Performance of 4-QAM with MRC and GSC over Nakagami

fading channels, (m = 4)
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respect to the single channel receiver decreases as the fading becomes

less severe (large m).

3.3.3 Comparison of MRC, EGC, SC, and GSC

The performance of 4-QAM with MRC, EGC, SC, GSC-2, and GSC-3 over
Nakagami-m channel is shown in Figure 3.35 - Figure 3.37 for a constant
number of avialable branches L = 4. The case m = 1 corresponds to Rayleigh
fading. The cases m = 2 and m = 4 represent less severe fading conditions

than Rayleigh. These figures show the followings:

e MRC has the best performance (optimum), however, it is more complex
than the other schemes, while SC is poorer than other schemes in terms

of performance but it is the simplest to implement.

e The performance of GSC ranges between the performance of MRC and
SC. As the number of branches to be combined in GSC increases the

performance gets better however the complexity increases.

e As the fading increases (less m) the performance of GSC gets closer to
MRC performance while EGC performance gets poorer and this will

be explained in the next paragragh.

Figure 3.38 - Figure 3.40 compare the performance of MRC and EGC
with 4-QAM signals over Nakagami-m channel for different fading conditions
and different number of branches. From these figures the following results

are obtained :
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e The performance of EGC is close to MRC performance, for example
the difference is less than 1 dB for L = 8. Jake [40] stated that the
difference is only 1.05 db in the limit of an infinite number of branches

for Rayleigh channel.

e As the fading increases (less m), the difference in the performance of
MRC and EGC also increases because EGC combines noisy branches
(small amplitudes) and good branches (large amplitudes) with same
gain while in MRC each branch is multiplied by its gain (amplitude)
then all branches are combined so the effect of a noisy branch (small
amplitude) on the output SNR is reduced and the effect of a good

channel increases.

Comparison of the performance of MRC and GSC with 4-QAM signals
over a Nakagami-m channel for different fading conditions is shown in Fig-

ure 3.41- Figure 3.43. These figures show the followings :

e The gain of optimum MRC over GSC is constant independent of SNR
because both MRC and GSC provide an average BER inversely propo-
tional to the L** power of SNR.

e The amount of gain of GSC improves as the number of branches to be
combined approaches L (which is in our simulation L = 4 ) since it

takes advantage of the higher amount of diversity avialable.

e The amount of gain of GSC varies inversely with the severity of the
fading. That is, for the more severe fading cases (small m), the subop-

timum GSC scheme is closer to the optimum MRC scheme. The reason
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is explained in the following argument. For channels with high amount
of fading the combined branches are noisy and since GSC ignores the
branches with lowest SNR’s it is able to approach the performance of
MRC. On the other hand, for channels with low amount of fading the
combined branches are good and since The GSC is disregarding infor-
mation carried in some of these branches it looses more gain compared

to the gain acheived for high amount of fading.

The performance of GSC-2 is better than MRC-2 since the GSC chooses

the largest two.



Chapter 4

CONCLUSIONS AND
RECOMMENDATION FOR
FUTURE WORK

4.1 Conclusions

In this work we have considered the performance of MQAM scheme over
Nakagami fading channels. MQAM was selected because it is a good can-
didate modulation scheme for future generation of wireless communication
systems since it has better spectral efficiency than the ones used now. The
combination (MQAM, Nakagami) has not been studied before. A Nakagami
channel serves as a general model for fading channels; Rayleigh, Rice, and
one-sided gaussian can be viewed as special cases of Nakagami-m distribu-
tion. Different family of the Nakagami distributions were presented and our
simulations show perfect match.

Diversity is one of most widely applied techniques to mitigate fading, and

hence the performance of the system under diversity has been investigated.
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The diversity schemes considered are MRC, EGC, SC and GSC.
Therefore, in the Thesis, the performance of M-QAM over Nakagami fad-
ing channel with/without diversity schemes has been derived. In particular

we have achieved the following :

e Derived the symbol error probability of MQAM over Nakagami chan-

nels with and without diversity.

e Simulated the symbol error probability of MQAM over Nakagami chan-
nels with and without diversity and verified the theoretical results de-

rived in this work.

e Simulated the performance of MQAM over Nakagami channels with

GSC diversity scheme.

e Studied the effect of different parameters, namely the Nakagami param-
eter m, the number of diversity channels L and the size of modulation

M on the system performance.

The analytical results for the bit error rate performance derived have been
validated through computer simulations. In general it can be observed in all

the Figures presented that
e For large m, which implies less fading, the BER gets better.

e As the number of channel branches L is increased, the BER gets better,
this can be explained thus; there is low probability of deep fade as L

increases
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e It is clear that the largest incremental gain is obtained in going from
single to double diversity. The gain diminishes as the order of diversity

increases

e For the diversity schemes considered, the MRC achieves the best per-
formance. In fact, its is the optimal combining scheme for equal energy

branches, while the SC has the least performance.
e The performance of GSC ranges between that of MRC and SC.

e For very large L, the performance of EGC is close to that of MRC, for
L=8, the difference is about 1 dB. Jakes reported 1.05 dB in the limit

of an infinite number of branches.
e The performance of GSC-2 is better than MRC-2. since GSC selects

the largest two.

4.2 Recomendations for Future work

e Analysis of the performance of M-QAM with GSC over Nakagami fad-

ing channels.

e The effect of coding on the performance of M-QAM over Nakagami

fading channels.

e The performance of M-QAM over fast or frequency selective Nakagami

fading .
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e In practice, the measurement of the SNR at the channel output may
be difficult or very expensive and as such, the branch with the largest
signal-plus-noise (S+N) is used instead. Therefore, a selection diversity
system based on SNR may not accurately reflect the performance of
more commonly implemented selection diversity systems. The effect of
choosing the largest S+N on the performance of differenr modulation

schemes (i.e M-QAM) over Nakagami fading channels can be studied .

e The effect of correlation between the diversity branches on the perfor-

mance of M-QAM over Nakagami fading channels.

e The effect of channel estimation error on the performance of M-QAM.
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