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ABSTRACT

In satellite mobile communication system, scintillation and multipath flat fading cause
degradation of performance when the signals go through the ionosphere as well as urban/rural
areas. Scintillation causes reduction of available SNR or increased bit error rate and when
combined with flat multipath fading, the degradation becomes more severe. The challenge is to
evaluate the performance of the system, in terms of the average bit error probabilities (BEP) and
the outage probability.

In this thesis, through the use of the moment generating function (MGF), we derived and
computed the average BEP and outage probability for M-ary phase shift keying (M-PSK) and M-
ary quadrature amplitude modulation (M-QAM) systems with and without MRC diversity
reception over single scintillation fading channel and combined scintillation and multipath fading
channel. The expressions are derived for 2 product channel models: the combined RicianxRician
fading channel and Nakagami-mxNakagami-m fading channel. The results are expressed as a
single integration with finite limits in terms of the generalized hypergeometric function o which
can be computed using standard commecial software. The derived results of MGF of combined
Nakagami-mxNakagami-m model is expressed in a more compact form than the MGF of
combined RicianxRician since the MGF of the latter has a double summation in the infinite
series. Moreover, the upper bound of average BEP is derived with advantages of faster
computation and less numerical error. We have shown that the derived BEP considers combined
RayleighxRician, RayleighxNakagami-m, double Rayleigh, single Rayleigh, single Rician, single

Nakagami-m, and non-fading channels as special cases.

m



Numerical results are obtained from the derived expressions and compared with simulation
results. They show very good agreement for various scintillation indices S, Rician factors
Nakagami shape factors m, and the number of diversity branches L. For a small scintlllation
index (S, — 0), the expression is simplified to a single multipath fading channel.

In addition, the derived results expressions in this thesis find applications in other existing
wireless system such as mobile-to-mobile communication system and multiple-input multiple-

output (MIMO) wireless communication system.
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CHAPTER 1

INTRODUCTION

1.1 Literature Review of Scintillation Phenomenon

In many radio links, it is well known that the fading effect is one of the factors that affect
system performance. For mobile satellite communications, the signals could be degraded by
scintillation and terrestrial multipath fading, which may occur singly or in a combination of both
effects. Both phenomena cause signal fluctuations as seen at the receiver. As an example,
Mobile User Object System (MUOS) at frequency 225-400 MHz is the next generation of
narrowband satellite communications system in UHF-band. This system provides a replacement
to the Ultra High Frequency Follow-On (UFO) communication satellite system [1],[2]. The
environment of MUOS includes the satellite link degradations, namely, ionospheric scintillation,

terrestrial multipath, and perturbation by an additive white Gaussian noise (AWGN) as shown in

Figure 1.1.
Combined fading channel
acomb
r ~ n(t)
Transmitted cheived
Signals asc a,, AWGN Signals
Scintillation  Terrestrial Multipath
fading fading

Figure 1.1 Block diagram of combined fading channel in mobile satellite communication

system.

Tonospheric scintillation, which manifests itself as an increased noise on radio signal intensity
and phase, is caused by small-scale variations and non-uniform electrical charge distribution
along the trans-ionospheric propagation path between the transmitter and the receiver. It is well
known that the ionospheric scintillation intensity varies with location of earth, time of day,
season, and sunspot activity [3]. Severe scintillation effect occurs within about +20° of the

equatorial geomagnetic and the polar region after local sunset in the equinox periods during the



years with maximum sunspot number. The length of solar sunspot cycle averages at
approximately 11 years [3] with the last strong scintillation occurred in 2000-2002.

In [4], Shaft delineates statistical characteristics of ionospheric scintillation by using the
relationship between scintillation index, Rician factor, and Nakagami shape factor. Subsequently,
the statistical model of ionospheric scintillation is typically modeled as Rayleigh, Rician
[11,[2],[5], or Nakgami-m [6]-[8] distribution function for small-scale fading.

The amplitude distributions of the faded signals due to scintillation and combined
scintillation and multipath fading channels in satellite mobile commﬁnication system have
recently been studied in the literatures [2],[4]-[8]. The probability density functions (PDFs) of the
combined ionospheric scintillation and terrestrial multipath fading are formulated in terms of the
envelope PDF. The expressions are derived for 2 models: 1) combined RicianxRician fading [5],
and 2) combined Nakagami-mxNakagami-m fading. Results show that doubly Rayleigh or
combined RayleighxRayleigh fading produces deeper fades than a single Rayleigh fading channel
in terms of the envelope PDF.

Phase modulation such as phase shift keying (PSK) and quadrature amplitude modulation
(QAM) are almost universally used for satellite link. Most work on the computation of the error
probability of M-ary PSK (M-PSK) and rectangular M-ary QAM (M-QAM) on radio channels
focuses on either scintillation or terrestrial multipath fading channel [9]-[25]. Several researchers
have attempted to derive the closed-form expressions for computing the error rate performance of
the system. In [9], Lindsey derives the performance characteristics for multi-receivers of binary
and M-ary signals over single Rician fading channel, but these results are not in closed form.
Closed-form solutions presented in [10] are the general results of a symbol error probability for
multiphase signaling over a slow frequency-nonselective Rayleigh fading channel. The exact
expressions of the error probability for linear modulation in frequency-flat Rician or Rayleigh
channel with additive noise are derived in [12].

More recently, the moment generating function (MGF) methods have been suggested by
several authors for analyzing the system performance of linear modulation in different fading
environments such as [13],[16],[25]. Furthermore, diversity reception methods (e.g. maximum-
ratio combining (MRC), selection combining (SC), and equal gain combining (EGC)) have been
shown to be an effective and simple method against the performance degradation due to fading
channels. Derivation of the performance of M-PSK and M-QAM systems with MRC diversity

reception have been presented by several authors [14],{16]-[25], which appear to have general



and closed-form solutions. However, a few researchers have investigated the effect of combined
ionospheric scintillation and multipath fading channels [11,[2],[5].

Recently, combined fading channels such as combined RayleighxRayleigh fading channel
and combined Nakagami-mxNakagami-m fading channel have gained interest due to its
applicability in mobile-to-mobile radio communication channels [26],[27] and multiple-input,
multiple-output (MIMO) wireless communication channels [28]-{31]. In mobile-to-mobile
communication system, both transmitter and receiver move simultaneously over wireless
medium. Examples of such system include intelligent transport system (ITS) and mobile ad hoc
networks. The term combined RayleighxRayleigh [28] is also coined to describe the regions
around the transmitter and receiver. In the mobile-to-mobile system, the researchers know this
combined channel in the name of “double Rayleigh” or “cascaded Rayleigh” fading. In [31], an
upper bound of symbol error rate of M-PSK modulation in combined RayleighxRayleigh fading
channels with multiple receive antennas and space-time coding are derived by using the MGF
method. In MIMO wireless channel, combined fading exist when two rings of scatterers are
separated by a large distance, and all propagation paths of the channel travel through the same
narrow “pipe” [28]. In [29],(30], the authors consider MIMO communication in combined
RayleighxRayleigh and combined Nakagami-mxNakagami-m fading and derive the exact
expression of bit error probability (BEP) of M-PSK and M-QAM in the form of generalized

hypergemetric function ,F,.

1.2 Significance of the Research

As few researchers have investigated the effect of combined ionospheric scintillation and
multipath fading channels, parameters related to the performance analysis such as the average
BEP, the outage probability for such combined fading channel have never been proposed.

In this thesis, we derive the average probability of bit error for some common digital
modulation schemes with and without MRC diversity for 2 channels 1) single scintillation fading
channels and 2) combined flat scintillation and flat multipath fading channels in the model of
combined Rician fading channel and combined Nakagami-m fading channel. The combined
probability density functions (PDFs) are equivalent to the PDF of combined Rician fading
channels and the PDF of combined Nakagami-m fading channels while the PDFs of scintillation
can be modelled as Rician or Nakagami-m distribution. The results are provided in terms of

instantaneous signal-to-noise ratio (SNR) per bit and expressed by using the generalized



hypergeometric function ,F/,. The resulting expressions can be used to predict the error
performance for common digital modulation schemes and the outage probability of mobile
satellite communication systems. In addition, the results are applicable to other systems, such as

mobile-to-mobile communications and MIMO communication systems.

1.3 Objective and Confinement of Thesis

The purpose of this thesis is to analyze the performance of some common modulation
schemes in terms of average BEP and outage probability over combined ionospheric scintillation
and small-scale flat terrestrial multipath fading which appears in land mobile satellite
communication system. In order to derive average BEP and outage probability in the combined
fading channels, the PDF of the instantaneous SNR is required. It is thus necessary to convert the
envelope PDFs into the SNR PDFs first. The derived BEP generalizes the already available
results for the case of Rayleigh, Rician and/or Nakagami-m fading channel, and the case of no
diversity reception.

In this thesis, we consider the performance analyses for some common modulation schemes
over 2 types of combined fading models:

1) Combined RicianxRician fading channels or a product of two Rician fading channel.

2) Combined Nakagami-mxNakagami-m fading channel or a product of two Nakagami-m

fading channel.

The methods and results are provided in this thesis as follows:

In Chapter 2, we provide a brief overview of the background and characterization of the
ionospheric scintillation phenomenon. The PDF in terms of envelopes and instantaneous SNR of
the combined ionospheric scintillation and terrestrial multipath fading channels are modelled as 1)
combined RicianxRician fading channel and 2) combined Nakagami-mxNakagami-m fading
channel. The derived PDF of the instantaneous SNR results is an important element required in
the derivation of the average BEP and the outage probability in the next Chapter.

In Chapter 3, we derive the average error probability of single and combined fading channels
with and without MRC diversity by using the MGF based approach. The derived MGF results are
simplified in terms of the generalized hypergeometric function ,F,. In addition, the upper
bounds of the error probability and the outage probabilities of both channel models are

determined.



In Chapter 4, efforts are made to compute the average BEP and the outage probability of
various digtal modulation schemes over combined fading channel by using the model of 1)
combined RicianxRician fading channel and 2) combined Nakagami-mxNakagami-m fading
channel. The theoretical results and simulation results are compared. The discussions of single
and combined fading channels with and without MRC receiver diversity in average BEP are
given. The effects of the number of antennas are shown and the upper bound results of average
BEP are also shown in this Chapter. Moreover, we show the difference of envelope PDF and the
average BEP results from both channel models.

Finally, conclusions are provided in Chapter 5.



CHAPTER 2

STATISTICAL CHARACTERIZATION OF MOBILE
SATELLITE COMMUNICATION CHANNELS

Mobile satellite communication systems are commonly accepted for providing the real
personal communication services to the user in anywhere, anytime, and any format (namely:
voice, data, and multimedia). The mobile satellite communication channels are time varying due
to different shadowing and scattering phenomena. Due to the movement of the transmitter and
receiver through the environment, the received signals may fluctuate. This fluctuation results
from the combining effects of random multipath signal and obstruction of the line-of-sight (LOS)
path, which induces various fading phenomena.

In satellite mobile communication system, for instance, signal propagation through the
ionosphere and terrestrial region is degraded by the ionospheric scintillation and the terrestrial
multipath, respectively, in addition to additive white Gaussian noise (AWGN). The propagation
characteristics of the ionospheric scintillation can be studied by the statistical distribution of the
received signal envelope or received power from the experience signal fluctuations in mobile
satellite communication systems.

In this Chapter, we give a brief overview of the background and characteristics of the
ionospheric scintillation in mobile satellite communications. Statistical distribution of the
received signal envelope of the ionospheric scintillation is modeled as Rician and Nakagami-m
distribution. Moreover, we also use Rician and Nakagami-m distribution model to derive the
statistical distributions of the combined ionospheric scintillation and terrestrial multipath fading
in terms of envelope PDF and instantaneous SNR. These PDFs are proposed for all possible

cases.

2.1 Background on Ionospheric Scintillation

For mobile satellite communications system from 10 MHz to 6 GHz with propagation
through the earth-space path, one of the most deleterious factors along the transionospheric
propagation path between transmitter and the receiver is caused by ionospheric scintillation. The

effects of ionospheric scintillation are caused by the irregularities of electron density in the F and
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in the ionosphere, the TEC from the day-time value to the night-time value are rapidly increased,
that provides a rise of random irregularities of electron in the ionosphere. Consequently, these
irregularities cause to a variation in amplitude and phase of signal, which leads to rapid signal
fluctuations. This phenomenon is called ionospheric scintillations.

Ionospheric scintillation causes amplitude fluctuation known as amplitude scintillation with
its scintillation index related to the m-parameter of Nakagami-m distribution [4] and Rician factor
of Rician distribution[4],[5]. The statistical model of ionospheric scintillation is typically
modeled as Rayleigh, Rician[5], or Nakagami-m distribution [6]-[8] for small-scale fading. ;I'his
effect occurs in a narrowband system, such as the mobile user objective system (MUOS) [33] and
GPS system. Both Nakagami-m distribution and Rician distribution can be used to describe the
amplitude distribution of fading signal due to scintillation according to the experimental data [4]
and terrestrial multipath fading, thus, causing double or combined fading channels.

The intensity of ionospheric scintillation is often described by using scintillation index S,,

which is defined by [4],[5]

S, =*__} 2.1

where ¢, is the scintillation coefficient, var{} is the variance. In general, the S, index has been
measured between zero (no scintillation) and approximately 1.5.
Furthermore, the various scintillation indices are defined and approximately correlated by

[4],[34]

_ E{ a,|-E{a, }} ~
5= PR 0.425,, (2.2)
2
=\/E{(a’°|_Ea") } ~0.52S (2.3)
S T B '
Elle.| -Elle, [
S, = {a" {a" } } ~0.78S,, (2.4)

£}

axclz}
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and
a.rc maxl- a.rc minl
S =1— ——~0.78S,, (2.5)
a:c_mul + a:c_min
where a,c_mxi and au_min| are the third largest and smallest coefficient.

2.3 PDF of Ionospheric Scintillation

The attenuation of scintillation fading ¢, can be modeled as

a, =a.e" +b (1), (2.6)

where afc is the received signal power of the LOS path, ¢_ is random phase shift in [-7,7) , and
b, (r) is a complex Gaussian random process from scattered signal over non line-of-sight
(NLOS) paths with power 202 associated with scintillation.

The envelope PDF of scintillation coefficient 7, = |a,c| has a Nakagami-Rician distribution
which referred by ionospheric physicists, while communication engineers call it simply the Rician
distribution when 0<S,<1 [5],[35]. The distribution of ionospheric scintillation fading envelope

r,. can be described by Rician distribution with the PDF

2r (x, +1) 2k, +1) K, (k. +1)
r — 3C SC x —_5c 5C —K I 2 SC SC s 2.7
pRn( :c) Q € p( Q sc |70 Tee Q ( )

sc s £ 14

where Q_ =a? + 2072 is average envelope power, and I,{} is the zeroth-order modified Bessel
function of the first kind. The relationship between scintillation index S, and Rician factor «_ is

[41,[5]

1-52
K, =—Y 24 (2.8)

50

and
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=)
S, = 1| == 29)

Notice that at as §,= 1 (very strong scintillation), x,_ = 0 and as S, approaches 0 (no scintillation),
K, approaches infinity. In general, S, is between 0 and 1. When S, = 0, it translates to an ideal
non-fading channel, with 0 < §,<1, it is Rician fading channel, and with S, = 1, it is Rayleigh

fading channel. This relationship is graphically shown in Figure 2.4

Rician factor, L

.2 b L A1 A i i i 1 L
0 0.1 0.2 03 04 05 06 07 08 09 1
Scintillationindex, S .

Figure 2.4 The relationship between Rician factor k., and the scintillation index S,.

The Rician PDF of the ionospheric scintillation can thus be expressed in terms of S, as

2r. 1 r
- sc e ’I—Sz
Pa () Qu(l—‘/l—Sf)exp( 1-fI-8? [Q,c+ "H

2r. Jl—Sf

.I Sc s
‘h-Ji-s2\ Q.

(2.10)

In the limit when the scintillation index approaches 1, the envelope density function reduces

to the Rayleigh distribution with the PDF

Q Q

sc s

2 2
p.(r.) =—r£exx>(— = ] 2.11)
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where Q_ =202 is the power of scattered path.
However, the Nakagami-m distribution can often be used to fit the experimental data. The
literature contains results of many propagation studies where experimenters have found close

agreement between the Nakagami-m distribution and scintillation data [6]-[8] with the PDF

2p2mset (g N m_r:
= IC 3C ex - 3C 5C s 2. 12
pr (r:c) r(m‘c) [Q‘c ) p( Q ) ( )

where

(Eflel}) s

2
m,, =W2—2— (2.13)

is the Nakagami shape factor, and F() is the gamma fuction. As a special case, the PDF in
(2.12) becomes the one-sided Gaussian distribution when m,, = 0.5 but the model of ionospheric
scintillation distribution is specified for only 0<S§, <1. Consequently, the distribution of
ionospheric scintillation when m_ <1 (or S, > 1) can not defined. Moreover, the PDF in (2.12)
becomes the Rayleigh distribution when m_= 1, and non-fading when m_ goes to infinity. The

relationship between scintillation index S, and Nakagami shape factor m_, can be written as [4]

m (2.14)

sc =_2‘
S

This relationship is graphically shown in Figure 2.5.
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Figure 2.5 The relationship between the Nakagami shape factor m_ and the scintillation index S,.

The Nakagami-m PDF of the ionospheric scintillation can thus be expressed in terms of S, as

2r2s4_2'l st r?

Pr, ('}c)=—‘°1 [_Q S’] exp(—ﬁ), (2.15)

s 4 sc 4
4

In the limit when the scintillation index approaches 1, this PDF also reduces to the Rayleigh

distribution.

2.4 PDF of Combined Fading Channels

O pomy = Uy O,
A\

comb ter
r N

Combined fading coefficient

n(t)
. QZ) R é@ 1
Trais(ri?tted w T{ez:(i\t/c):d

Signals a,, a,, AWGN Signals
Scintillation Terrestrial Multipath
coefficient coefficient

Figure 2.6 The attenuation due to combined fading channel in mobile satellite communication

system.

The attenuation due to combined flat scintillation and flat terrestrial multipath fading, «_,,,

as shown in Figure 2.6 can be modeled as
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Oy = .- = @, 41, (0) ]2, €% +n,0)], 2.16)

where a,, are the coefficients of terrestrial multipath fadings, a?, is the received signal power of
the LOS path, §_ is assumed to be uniformly distributed over in [~z,7), and n,_(f) is a
complex Gaussian random process from scattered signal over NLOS paths with power 207,

associated with terrestrial multipath fading. Given the envelope r, =

a, | of scintillation

of terrestrial multipath fading coefficient are independent, the envelope

coefficient and #, I a,,

distribution of combined channels is

rcomb = r:rc x r;er ='asc : aler * (217)
The joint statistics of two random variables r_ and r,, can be found from
pRmmb ( mb) II pR” Reer ( sc’ ler)d’:tcd’;er’ (2. 18)

Deomp

where D, is the region of the r,r, plane. Given that both envelope of scintillation r,_ and

multipath fading r

ter

are independent random variables, then [36]

pR,c,R,e,. ( sc? ter) pR“ ( sc) pR,e,. ( rer) (219)

Substituting r,, =7, /r,. and dr,

ter

=dr,,., /1. » the joint PDF can be found as follows [36].

camb

Py (Teoms ) Aoy = IIPR,c( s, (1) drcdr..,

@

= [pr, ,c)p&,,[ - b)d’be

0 sc

(2.20)

Tl
PRy (Teoms) = Ir—PRx(,c)P&,,[ “’"’”Jdr,c- (2.21)

0 “sc sc
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From Section 2.3, the distribution of ionospheric scintillation can be model as two type of
distribution, i.e., Rician PDF and Nagakami-m PDF. In this Section, the PDFs of combined
fading channels in the form of Rician and Nakagami-m are derived. We now present 5 different
cases of combined fadings; 1) combined RicianxRician, 2) combined RicianxRayleigh, 3)
combined RayleighxRayleigh, 4) combined Nakagami-mxRayleigh, and 5) Nakagami-
mxNakagami-m. These corresponding the envelope PDFs, PDFs in term of instantaneous signal-
to-noise ratio (SNR). These special case properties are summarized in the diagram as shown in

Figure 2.7.

Combined

Scintillation Fading and Terrestrial mul'tipath Fading

Y

Nakagami-m
Rician Model
Model

.| Combined Rician x Rician .| Combined Nakagami-m x Nakagami-m
k. and «,, £ 0 m,_and m, > 1

_{ Combined Rician x Rayleigh .| Combined Nakagami-m x Rayleigh
k,#0andg,_ =0 m,>land m,_ =1

| Combined Rayleigh x Rayleigh _ Combined Rayleigh x Rayleigh

x,.and x,, =0 m, and m,_ =1

Figure 2.7 Special cases of combined fading channel.

2.4.1 Probability Distribution Function of Combined RicianxRician Fading Channels

Let the fading envelope 7, and r.. be independent Rician random variables, each with the

PDF
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2r (k. +1) ri(x,, +1) K, (x, +1)
= 5C ¢ x — 3C 3C —K I 2r 3C 5C s 2.22
pR“ (':rc) o) € p( Q sc 0 sc o) ( )

5C sc sc

pk,,,.( m-) . Ier(()ler + 1) exp( ler((zlzr + 1) _ Kler)lo {2’;” Kier (gzm- + 1) }, (2.23)

ter ter ter

where «,,, is the Rician factor of terrestrial multipath fading defined by K, =a., / 207, and
Q,, =a’ +20., is the average envelope power of terrestrial multipath fading coefficients.
Substituting (2.22) and (2.23) into (2.20), and replacing the modified Bessel function I, by

series representation as

a=0 4.

© 1 z v+2a
Iv {Z} = Zm(i) . z20. (224)

The PDF pg_, (rmb) can be expressed as

Pr, ( Mb) comb( Q+1)( ler+1)exp(_’(,c_ m)

® ™ / /
. Z mmb (‘ + 1) ler ( le/r + 1) (225)
=0 J= o(l') (_I') Q. Q..
. ]‘,ﬁl-Z/—l exp(_ ’:rc ( + 1) camb (Kler + 1)

ZQ ':rc'

.rc ter

(1]

In the case of combined Rician scintillation and Rician terrestrial fading channels and with

the use of [37]

v

:[xv.n exp(~Bx" — yx~* ) dx = ;(EJ {2J_ } (2.26)

'§|<

the PDF of the envelope of the received signal can be written as
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41, s (K + 1)(x,

ter + 1)
Q

PRW,,, (rcomb) = exp(—K:c - Klzr)

comb

(i+j)
© i .J 2
S5 K ( \/rc,,m,,('fm“)(’fm“)] @.27)

1=0 j=0 (i!)z (j!)2 Q

2
. K].j {2\/’;:011111 (K.ﬂ;;- 1)(/('” + 1) },

comb

comb

where K, {} is o -th order modified Bessel function of the second kind and Q. is the average

envelope power of combined fading channels which can be obtained from

-— = 2 2 2 2
Qcomb - Q-\'CQH" - (‘21-"‘-‘ :- 20""‘: ) ) (a’" + fa’")z 2 » (2‘28)
_ 2 2
=a.a, +a, 20, +a,20, +40.0

sc " ter ¢ ter*

If both Rician factors «,_,,, >>1 (both powers of LOS path a:q ,a,ze,z >>1), the Rician factor

can be approximated by [5]

2 2
~ a.u‘ ater ~ K sc Ktcr (2 29)
T 2l vaiae xotk ‘
afer O-.n: a:c a-rer K:c ter

Accordingly, the envelope distribution can be defined by a single Rician distribution with Rician
factor = x.. Moreover, it is interesting to note when K, >>K,,,then k. ~ x, and vice versa.
In the case of combined Rician scintillation and Rayleigh terrestrial fading channels, we

have k= 0. Thus, the envelope PDF in (2.27) becomes

4r K, +1
P, (Tooms) = L"‘;)(L_)exp (..
comb
d 2.30)
© rcimb (K_‘_c + 1) r;mb (K.\'c + 1) (
. Z :c2 K: 2 [Teomb \KXse ¥ 1) ’
=0 (i') Q"“”"" Qcomb
where Q_ . can be obtained from
Qs =(d% +202)-(202, ) = a2 202, +40202. 2.31)

Note that when x, >>1, then k. ~ 0, thus, the combined envelope has Rayleigh distribution.

71916
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When both Rician factors x,,,x,, = 0, i.e., the channel has a combination of severe

scintillation (Rayleigh scintillation) and Rayleigh terrestrial multipath fading. The envelope PDF

of this case is

ar. .. ris
Piy (Temp ) ==K 42, [Somb_ L (2.32)
Feomt ( ’ Qcomb 0{ Qcamb
where Q_ . is given by
Q... =400l (2.33)

The combination of combined RayleighxRayleigh distribution is considered to be the most severe
case among all cases.

Alternatively, the derived results in (2.27), (2.30), and (2.32) can be expressed in a product of
RVs as shown in [38] where the parameter «,,,x,,, and Q__, in (2.27), (2.30), and (2.32) are
equal to a? /207, a2/ 207 , and 40707, respectively, in (6.51), (6.63) and (6.66) of [38]. In
addition, », and n, in [38] are equal to 2.

Equivalently, the received instantaneous signal power is modulated by . omb when we define

the instantaneous SNR per bit of the combined envelope by
E, 2
Ve comb = cimb l | ) Ialerl ’ (234)

where E, is average bit energy and N, is noise variance.
To obtain the PDF of instantaneous SNR, Pr.,, ( ¥eoms ) » the PDF of combined envelope with

the change-of-variables are used to obtain [36]

Pr,, (7’comb) =‘I—ED—[PRM,, (\[_) * Prooms ( \/a)]

comb N,

o Vs (2.35)
1

=*——2 5 » N [PM(\’ycome_:)'*'prmb( \’},comb 2{: )],
comb Eb

However, p Reons 18VE oOnly positive term, hence,
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Preos (\/}’mmb %’%)

Ey No
25 Y ooms B

Py (Feoms) = (2.36)

Substituting the PDF p, (*.oms ) Of combined Rician fading channels in (2.30) into (2.36)

3

the PDF of instantaneous SNR p; (7mb) of combined Rician fading channels can be

expressed as

2k, + 1)k, +1)

p Teomb (7 comb) = exp(_x.rc - Kur)

comb

(1+J)
s Kl x) Yooms (Koo +1)(K,,, +1)J
ZJZ @'y (\/

. K {2\/7(:0"!!7(’(3(: + 1)(K!er + 1)}
- = ’

7 comb

(237

comb

where the average SNR per bit 7, is defined by
womb = oms (2.38)
Y comp N, b

In the case of combined Rician scintillation and Rayleigh terrestrial fading channels, the PDF

in terms of instantaneous SNR becomes

2(x,, +1
Prs om) =2 D e
- i (2.39)
N Kic ymmb(x.\-c + 1) 7comb (Ksc + 1)
) Z_z S [ K12, [
i=0 (i ') 7 comb 7 comb

For the channel with a combination of severe scintillation (Rayleigh scintillation) and

Rayleigh terrestrial multipath fading, the PDF of the instantaneous SNR becomes

2 Y coms
Py Veoms) ==K, 2,/__&" - (2.40)
Feomt ’ 7vomb o{ 7comb




20

2.4.2 PDF of Combined Nakagami-mxNakagami-m Fading Channels
For doubly independent Nakagami-m random variables, i.e., the fading envelope r,, and r,

are independent Nakagami-m random variables, with the PDF

m, el m_r?
exp| ——= ’ 2.41
) p( Q, ( )

2r2met (g \™ m,_r?
r — ter ter ex — ter” ter , 2.42
pR,,,(ler) I-.(m )(Q J p( Q ) ( )

ter

27'2'"“—[
-

and

where m,, is the Nakagami shape factor of terrestrial multipath fading. Substituting (2.41) and

(2.42) into (2.20), the combined Nakagami-m PDF can be expressed as

(r )__4& me " (m )
Pl Vo) = T om0, ) (@

ter

L] 2 2
. Ianr,‘ ~2my,, -1 exp| — mscr:c _ mler’::omb r
sc 2 *
; Q. rQ

3 IC ter

(2.43)

Using the relation in (2.26), hence, the combined PDF in (2.43) becomes

comb comb

4rm:cb+mlgr -1 m m’ e+ Mier bm m,
— comi sc!!Pter comb _ sc_ ler 2.44
prmb (rcomb ) I-. (mm)l-.(m’” ) ( Q J Km;c"mm {2 Q 3 ( )

In the case of combined Nakagami-m scintillation and Rayleigh terrestrial multipath fading

channels, we have m, = 1. Thus, the envelope PDF in (2.44) becomes

mg.+1
Py (Teoms) = 4r )U, ] m,c_l{ }";”m} (2.45)
comb

In this case, both Nakagami shape factors m_ and m,, = 1, i.., the PDF of combined

Nakagami-m scintillation and Nakagami-m terrestrial multipath fading channels in (2.44) reduces

to a combination of Rayleigh scintillation and Rayleigh terrestrial multipath fading as shown in

(2.32).
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The PDF of instantaneous SNR p_ ( ym,,,) can be computed by substituting the combined

Nakagami-m PDF in (2.44) into (2.36), hence,

2 m o Mg +Mer
Prm'b ( 7m’"b) = ( m, M.} coms ]

r(msc)r(mler )7camb Fcamb
Km - 2 ’ m:c’fnr 7 comb )
3¢ er 7CDMb

“
In the case of combined Nakagami-m scintillation and Rayleigh terrestrial multipath fading

(2.46)

channels, the PDF of the instantaneous SNR in (2.46) becomes

mg.+1
2 ( m 7 b m:cy b
= wlomb | g, 42 |Teclemb L 2.47
prcamb (700’"”) r (m.rc ) 7 comb k 7 comb J et { 2 ( )

comb

The PDF in (2.47) can be deduced to the PDF of combined Rayleigh scintillation and
Rayleigh terrestrial multipath fading as shown in (2.40).

The envelope PDFs of the single ionospheric scintillation fading channel and combined
ionospheric scintillation and terrestrial multipath fading channel are summarized in Table 2.1-
Table 2.2. The PDFs of the instantaneous SNR of combined ionospheric scintillation and

terrestrial multipath fading channel are summarized in Table 2.3.

2.5 Conclusions

Ionospheric scintillation causes signal fluctuations with the intensity of ionospheric
scintillation is often described by the scintillation index S,. Statistical distribution of the received
signal envelope of the ionospheric scintillation can be typically modeled as Rician or Nakagami-
m distribution. From the relationship between Rician factor x , Nakagami-m shape factor m, and
scintillation index S,, the envelope PDF of the ionospheric scintillation with Rician and
Nakagami-m distribution can thus be expressed in terms of S, index. Moreover, the signal in
mobile satellite communication is also degraded by terrestrial multipath fading. As a result, this
system has a double or combined fading channel. In this Chapter, the PDFs of combined fading
channel are derived by using Rician and Nakagami-m distribution model in terms of envelope

PDF and instantaneous SNR. The special case of combined fading in Rician model can be
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expressed as 1) RicianxRician, 2) RicianxRayleigh, and 3) RayleighxRayleigh. While the special
case of combined fading in Nakagami-m model can be expressed as 1) Nakagami-mx Nakagami-
m, 2) Nakagami-mxRayleigh, and 3) RayleighxRayleigh. These PDFs are summarized for all

possible cases.
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CHAPTER 3
PERFORMANCE ANANYSIS OVER COMBINED

FADING CHANNELS

In this chapter, we derive and simplify the average BEP for some common modulation
schemes and derive the outage probability of combined fading channels with and without MRC
diversity by using the MGF based approach. This requires the use of the PDF in terms of the
instantaneous SNR per bit as derived in Chapter 3. First, the MGFs of the instantaneous SNR per
bit are computed. The derived MGF results are expressed using 2 types of fading channel
models, ie., 1) combined RicianxRician fading channel and 2) combined Nakagami-
mxNakagami-m fading channel. The average BEP of digital modulation schemes over combined

fading channel can be computed by using these MGF results.

3.1 MGF of Instantaneous SNR of Combined Fading Channels
In this Section, we derive the MGF of the instantaneous SNR per bit necessary for the

computation of the average BEP and the outage probability in the next Section. The MGF
®,  (-s) can be defined as

Yeomb

@

d)rcomb (—S) = Jexp(—37NMb)prwmb (7mmb)d7comb’ (3~1)
0

where s is a complex and p.

comb

(7m,,,) is the envelope PDF of combined fading channels.
Replacing pr_ (7wm,,) in (3.1) with the PDF in terms of the instantaneous SNR of combined
fading channel as shown in Chapter 3, we obtain the MGF of the instantaneous SNR per bit of

combined fading channels which can be derived into 2 types of fading channel model.

3.1.1 MGTF of the Instantaneous SNR of Combined RicianxRician Fading Channels
The MGF of the instantaneous SNR of combined Rician fading channel can be derived by

replacing pr_ (¥.om) in (3.1) with (2.37), to obtain

comb
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®,.., (=5)= [[exp(=s7my) DN D e e,

comb

i (i+J)
. ii K:cxlir \/7comb (K:c + 1)(Kl¢r + l)
1=0 j=0 (i!)2 (j!)2

comi KSC+1 Klzr+1
, K,_,{z \/7 b (i +1) )}dymb.

7 comb

(3.2)

comb

The goal is to simplify the expression of MGF in (3.2). Using the relation [37, Eq. (6.643.3)]

[ exp(anyi, {2} = TATT DUV ) exp(ﬁ)a—”w‘” (_2) .
; 20 2a \La

where [Re(u+v+73)>0] and W, (z)is the Whittaker-# function, we can be expressed (3.3) as

i

® @ (l+j+l)
(D -5 )= K, Kl‘ir e + 1 o 1
Yeo ( S) e)(p(—,(:c _Kur) z z : sc k\/(l(' )(l(', + )J

i=0 j=0 i!.l! }_,combs (3‘4)
.exp[m (K 1)]W ((x,c +1)(, + 1)}
27wmbs RS 7’combs

The Whittaker- function is related to the confluent hypergeometric function of the second kind

‘P(a,b;z) , defined by the formula [39, Eq. (13.3.33)]
w,,(z)=2""exp{-0.52} ¥ (0.5~ £ +v,2v+1;2), (3.5)

where |arg z] < 7z and the confluent hypergeometric function of the second kind is defined by the

integral [37]

¥ (a,b;2z)= #a) ft"" (1+ t)”"'“l exp(-zt)dt; a>0. (3.6)

As a result, the MGF in (3.4) becomes
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@, (-s)=exp(-x, - m)iz 'K, [ L +)(x,, ))(M)

i=0 j=0 l'-]' 7combs

-‘I’(i+1,i—j+1 (% +1)(, H)).

7 combs

3.7

Moreover, the confluent hypergeometric function of the second kind can be further expressed as

(39]
¥(a,b;z)=z",F(al+a-b; ;-1/z), (3.8)

where 2E,(a,b;;z) is the generalized hypergeometric function expressed by the series

expansions as[40]

F(a b; ,z) Z( ) (b)" z" (3.9

n=0

where the symbol (}L)’l = }{(}{ +l)...(}{+ n—-l) with (}{)0 =1 denotes the Pochhammer symbol.
Note that the generalized hypergeometric function ,F(a,b;;z) can be easily computed using

commercial softwares such as MATLAB and MATHEMATICA. It follows from (3.8) that

& Ky K, 7 coms
P —-s)=exp(—«,, -k, K i+Lj+1;; 2o . (3.10)
s ()=o) 2 2500 ( T e ,,,+1)]

For practical purposes, the evaluation of (3.10) obviously requires a truncation of the infinite
series. As a consequence, it would be interesting to calculate how many terms are needed to
obtain an approximation with high accuracy. For analytical evaluation of the truncation error, we
plot (3.10) versus the summation index i and j, for different values of the parameters x, and x,
given fixed 7, ,.,s=1. The double summation in (3.10) is computed with the indices i/ and
running from 0 to 50, which are sufficient for the convergence of the summation. The obtained

MGF results for various Rician factor x,, and k. are illustrated in Figure 3.1-Figure 3.4.
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As seen in Figure 3.1-Figure 3.4, the behaviour of (3.10) that depend on the some values of

Rician factor x_ and «

ter

in 3-dimensional (X-Y-Z plane or i-j- ®, ., (=5)), and 2-dimensional
(X-Z plane or i- ®, ,(=s) and Y-Z plane or j- ®, . (=s)) are illustrated. Interestingly, from
these Figures, the relevant terms of the series in (3.10) are continuous and the dispersion
characteristic becomes large when &_and x,, increase. The maximum value of the results occurs
at i =|_’fo and j =|_K‘m_l , Where l_x_l is the flooring operation. While the results occur near

i= I_":c_l and j= l_lc,”_l gradually decrease to the point where they become 0.

The series of (3.10) can be rewritten as

o, . (-s)=exp(-x,, - Kier ) [a]

.11
=exp(-x,, -k, ) [@+¢],
where
a=33 Kekie gy jot; o TomS (3.12)
G U T T e e, + ) '
T ! k! Vo .8
&= g sc_ter I i+l, +1’ ;- comb , 3.13
2 T ( g <x,c+1><x,,,+l>] 19
e= 33 Eefe gl Tews (3.14)
=0 J=0 l!j! 20 o o’ (K:c+l)(’(ler+l) ’ ‘

lf[‘mm o max ]/‘[Jmin -./mlx]

Note that the term & in (3.13) is an approximation of the term & in (3.12). Appromixation
error can be reduced by adjusting the error term £ . We would like to choose the range of double
summation [i .. ,im] and [ Jomins jm] so that the sharper estimate can be obtained, i.e., £ = 0

Based on the observation from Figure 3.1 - Figure 3.4, the desirable choices of the interval

[im;n,im“] and [ Jmax ] t0 approximate ®,  (-s) are

imin =max{0,l_’f,c —(D,CJ} an-d im,“ =|—K;¢ +¢:c—l’ (3'15)

and
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max{0,| «,, - @,, |} and j,. =[x, +¢. ], (.16)

where |_x-] is the ceiling operation and the variables @, and ¢, are the inverse values of the

standard deviation of Rician distribution x, and x;

ter ?

respectively, as expressed by

n
== ,/ x‘ +1 (3.17)

o,

n
Drer =;_—= ,/ 2(x,, +1). (3.18)
Suitable values of 7 can be determined from the approximation error from using & instead of « .
In Table 3.1, we compare the percentage error of the estimate & from ¢ for various «_ and k.
The values of a are considered with the range of summation from 0 to 50 for both i and j
indices as they are within acceptable accuracy below 1x10°%. It is evident that in general for
larger x,_ and ,,, larger values of 7 should be selected. For the approximation error lower than
0.05%, suitable values of77 for Case 1-4 are 1, 2, and 3, respectively. In Figure 3.5, we plot the
relationship between percentage of error and the parameter 7 in a semi-log scale. For the range

of x, and x,

fer

under consideration, there is a linear relationship with the upper bound with the

slope of 10 as indicated by the dotted line, i.e.,
Percentage of error = C107*7, (3.19)

where C is a constant value. Hence, the percentage of error — 0 as 77 becomes higher.

Therefore, a good approximation of the exact result in (3.11) can be obtained as

<D,w( —s)~ exp(—x,, m)Z Z “j’!" 2F(z+1 Jj+1 - YeomsS ),(3.20)

{=bin J=/min ( et 1)(’(1" + l)

by neglecting £&. By using (3.20) instead of (3.10), we are able to reduce the computational

complexity of the MGF evaluation.



Table 3.1 The approximation in (3.13) with a relative error.
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i”' 50 50
a= a(n=1) a(n=2) a(n=3)
Rician factor i=0 j=0
Case 1 0.60839 0.60839 0.60839 0.60839
k. = 0 (Rayleigh)
Error 1.3e-05 % | Error 2.67e-08 % | Error 7.3e-014 %
k.= 0 (Rayleigh)
Case 2 4,18579 4,1480 4.1837 4.1858
k.= 0 (Rayleigh)
Error 0.903 % Error 0.0499 % | Error 3.0e-04 %
k=3 dB (1.9953)
Case 3 5.49119e+002 | 5.28904e+002 5.48405e+002 5.49114e+002
x,=3 dB (1.9953)
Error 3.6814 % Error 0.13 % Error 9.31e-04 %
x,=7dB (5.0119)
Case 4 8.20002e+007 7.3196e+007 8.18580e+007 8.19989¢+007
x,=5dB (3.1632)
Error 10.74 % Error 0.1733 % Error 0.0015 %
k=12 dB (15.8489)
10° :
+ ch =0, K'EI' =3dB
—O—x,, = 3B, x,, =7 0B
10 —O—x,, = 508, x,, = 12dB
E 1w
k3]
g
§ ST 1l AU SRR B . . SRS ST
a.
111 ) S
) | |
10 1 2 3 4 5
n
Figure 3.5 Percentage of error compares with 7 for some x,_ and «,

ter*

The result as shown in Table 3.1 indicate that we can approximate the series expansion using

(3.13) with a relative error that is well below 1% at least when 7 =2.
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In addition, the MGF result of combined Rician fading channel in (3.10) can be analyzed
depending on the Rician factor (x,_ and k). They are summarized as shown in Figure 3.6 and
listed as special cases below.

Special cases

® Case 1: x, + 0 and «,, — 0. This means that one of channels is Rayleigh fading when

either Rician factor goes to zero, the MGF in (3.10) reduced to a single summation as

O (=s)=oxp(-r VK p[is1q: < FoomsS (3.21)
i’camb( S) exp( KJC); i' 240 i 31y (K' +1) . .

This result is the MGF for combined RicianxRayleigh fading channel. Similar result can

also be obtained when «

ter

#0and k,_— 0.

Special Cases

of Combined Rician x Rician fading Channel

Case Combined Rician x Rayleigh
when x,, #0and x,, — 0
Case 2 Combined Rayleigh x Rayleigh
!
when x,, and x, — 0
Case 3 Single Rician fading channel
e ——
when x,, >>1 andx,, #0
Case 4 Single Rayleigh fading channel
e
whenx >1and x,, >0
Case 5 Non-fading channel
>
when k¢, and x,, > 1

Figure 3.6 Special cases of combined RicianxRician fading channel.
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® Case 2: x,_and x,_, —> 0. This case means both channels are Rayleigh fading channel, the

MGF in (3.10) can be reduced to
(Dram (—S) = 21;:) (1’1; ;—7cambs)‘ (3.22)

This result is the MGF for combined RayleighxRayleigh fading channel.

® Case 3: x,_>> 1 and x,_# 0. In this case, the double summation in (3.10) can be

approximated by

o a0

ZZKM ter A l+1_]+1,, Y comsS
(x,.+)(x, +1)

i=0 j=0 l ter

zexp( ,c)z j’" (K +1,j+1;;— ¥ comsS +1)J.

(3.23)

=0 ( ¢ + 1)(Kfer

To show (3.23), we use the numerical observation that, for x,, >>1and fixed j, the

B (i +1Lj+]; ;7%) term is an approximately constant function of i, so we write

itas ,F, (K_w +1j+1 ;———7%) . By using the relation

(kg +1XKper +1)

@ i

exp(x,,) = Zi, (3.24)

il

and using the following reduction formula [41]

lim F, (a,az,...,ap;b,,...,b ;i)=p—l F, (az,...,ap;b,,...,bq;z), (3.25)
a

a—rwx q

to write , F,(a,b;;2) as | F,(a;;z), (3.23) becomes

® ® i —
ZZKMK-’” 2F l+1 J 1 o }’mmbs
itj! +1)

- x, +1)x,,
i=0 j=0 (K, +1)( ) (3.26)
er ymmbs
~exp(k, ’ 1 ———==— .
( )JZ_; ! ( (x,, + l))

where the expression of | F, (a;;z) in the series form is [42]
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F(a;;z)= z( )" zf =(1- -z)"; |zl<1. (3.27)

k=0

As a result, (3.23) can be expressed without the infinite summation as

iik’c "" F[z+1,j+1;;— Yeoms ]

{0 =0 ( +1)( ler+1)
@ Kj }_, s _j_l—
~ ) —“lexp(k,, (1 ——°‘£’—"—-—) (3.28)
/=0 j' ( ) ( rer T 1) ]

\
_ K, 1
~ exp (K‘"" ) exp l + VeombS 1 + YeomsS  |°

(Kper +1) (%per +1) )

Substituting (3.28) into (3.10), we obtain the MGF for the case of x,, >> 1 and x_# 0 as

ter

K., 1
(Drmw( ) exp( ter)exp(l+ ;camb" }[14_ Yeomb$ J

(%per +1) (Ker +1)
~ex ( ler?coml:g )( ( ler +l_) )
( ler + 1) + }’combs ( l:r + l) + }’mmbs

As expected, when x,, >>1, the MGF in (3.29) approaches that a single Rician fading

(3.29)

channel with Rician factor &, [43]. Similar result can also be obtained when x, >> 1
and x,, #0.
® Case 4: x,.>>1 and x_—> 0. By using the method as used in case 3 and using the relation

(3.24), (3.25), and (3.27), the summation term in (3.10) when k, >>1 can be

approximated as

©  ® {

ZK:cKler F l+1 _] +l, ; }’combs
= = ilj! (x,. +D(x,, +1)

«© { =
zzl(_’czﬂ(i+l,l; - YeomsS J
! (

i=0 1 Ksc + 1)
«© i by

> "f: JF, (x,c +1,1; ;-(ﬁ’LSl)] (3.30)
i=0 13 K:{.‘ +

@

~ Z ’?"C I}PO (l; ;_7combs)

1=0

1
~ exp(l(,c)———(1 A }7c,,,,,,,S) .
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Substituting (3.30) into (3.10), the MGF in this case becomes

q)h-amb ("S) ~ (1 + }7&»"[1‘5')-‘l . (3.3 l)

As a result, the MGF in this case is the MGF of single Rayleigh fading channel[43].

® Case S: «, and x, >> 1. The method which used in case 3 can be used to obtain
approximation when both Rician factor x,_ and «,, >> 1, in which case the double

summation in (3.10) can be approximated as

anan’cl]

:c’cler : ; 7vambs
Eacler pljtl,j+ly;—— Loom™
2.2 ij1? °( / +1)]

{eQ jwm0 (K:c + 1)(Kur

Y comsS
~explk, +x&,), 5l k. +Lk, +1;;— om 3.32
p( sC I¢r) 2 0( s¢ (Ksc + l)(l("” + 1)) ( )

= exp(rc,c + K‘,,,) oFy ( 4 2"}—’wmbs)'

where the function o F, (;;2z) can be defined by [40],[42]

o k

oF(5:2)= Zi—' = exp(2). (3.33)

k=0 fv:

Consequently, the approximation in (3.32) can be rewritten as

S Sl Ay Veoms _
2 i1 Lol i+Lj+15 Dk D) mexp(k,, +K,,)eXP(~T.pms). (3.34)
=0 j=0 °J¢ 5 ter

By using this approximation, the MGF in (3.10) becomes

@, . (=5)~exp(~7ooms)- (3.35)

The MGF in this case approaches the MGF of non-fading or AWGN channel with

ycamb = 7comb :
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3.1.2 MGEF of Instantaneous SNR of Combined Nakagami-mxNakagami-m Fading
Channels
In this Subsection, we derive the MGF of instantaneous SNR per bit of combined Nakagami-
m fading channels by replacing pr__ (ymb) in term of Nakagami-m distribution in (3.1) with

(2.47), we obtain

2 | [mamg |
(D 3 — ¢ " “ter
Yeomb ( S) I‘(m‘c)r(m,”)L 7mmb ]

) j.}lcombz l exp (—S}/mmb) . Km“.—m," {21 ’%}dymmb "
0 7 comb

Using the relation [37, Eq. (6.643.3)], The integral term on the right side of (3.36) can be

(3.36)

expressed in terms of the Whittaker-W function, and with the function I'(-) cancelled out, (3.36)

becomes

My e, —1
m_m m._m m._m
O —5)= —S5c__ter ex __Sc_ter W sc' ' *ter . (3.37
Yeomb ( ) ( }7‘:0”'1, s ] plizym’"bs] ‘%(’":c Mg, -l),%(mn"mlzr) ( }7CMb s ] ( )

Now, we simplify the expression (3.37). Applying the relations of the Whittaker-# function
with the confluent hypergeometric function of the second kind ‘I’(a,b;z) in (3.5) [39, Eq.
(13.3.33)], and the generalized hypergeometric function , F, (a,b; ;z)in (3.8) [39, Eq. (13.1.10)].
We have a final result of the MGF in (3.37), after cancelling some terms, in terms of a

generalized hypergeometric function , F, (a, b; ;z) as

m. .m

s¢” " ter

(Drmmb (—S) = ZF;)[msc’mler; ;_Lﬂbs—)- (3.38)

Alternatively, in [44], this final result can be expressed in terms of the Meijer’s G-function
(37, Eq. (9.34.8)].

The resulting MGF of combined Nakagami-m fading channels in (3.38) will be investigated
next for five special cases depending on the Nakagami-m shape factor (m_ and m, ). They are

summarized as shown in Figure 3.7 and listed as special cases below.
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Special cases

® Casel:m_orm, =1. If m_= 1, then the MGF in (3.38) becomes

(Drm,..b (—S) = ZF;) (m:c’l; ;_M-)- (3.39)

ter

Similar result can also be obtained when m_ = 1. This result is the MGF for combined
Nakagami-mxRayleigh fading channel,
® Case 2: m,_ and m,, = 1. In this case, both fading channels have Rayleigh distribution.

The MGF in (3.38) becomes

@, . (=5)= 2 Fo (L1 57 omsS)- (3.40)

Special Cases

of Combined Nakagami-m x Nakagami-m fading Channel

Case 1 Combined Nakagami-m x Rayleigh
when m_or m, =1
Case2 | Combined Rayleigh x Rayleigh
whenm_and m, =1
Case 3 Single Nakagami-m fading channel
when m_ or m, — o
Case 4 Single Rayleigh fading channel
when m,_=1land m, — o
Case5 Non-fading channel
when m,_, andm,, —>

Figure 3.7 Special cases of combined Nakagami-mxNakagami-m fading channel.

This result is the MGF for combined RayleighxRayleigh fading channel. This result is

similar to case 2 of combined RicianxRician when x_and «,, — 0.

ter
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® Case 3: either m,, or m, —> co. This means that one of channels is Nakagami-m fading
channel, while the other is non-fading channel. By using the reduction formula in (3.25)

with m,, — oo, the MGF in (3.38) reduces to

Q.. (—-s): 1&(’";5 §—M)- (3.41)
m

Alternatively, by expressing,E,(a;;z)as the series as shown in (3.27), (3.41) can be

rewritten as

@, . (-s) =(1+——7°"”"”S) . (3.42)
m

sC¢

As a result, the MGF for this case is the MGF of a single Nakagami-m fading channel
[43].
® Case 4: m,_ = 1 and m, —> . This means that one of channels is Rayleigh fading

channel, while the other is non-fading channel. By using the reduction formula in (3.25),

(3.38) becomes

(Drm,.b (—S) = (1 + 7¢:ombs)-l s (3.43)

which is the MGF of a single Rayleigh fading channel [43]. We can see the similarity
between this result and the result from case 4 of combined RicianxRician when x >> 1

and x,,— O.

® Case 5: m,_ and m, —» oo, This means both channels are non-fading channels, thus, (3.38)

becomes

D, . (=5)=oF (5 3~Tooms$)- (3.44)

Using the series expression of function OF;( ;;z) [40],[42] as shown in (3.33), the MGF
in (3.44) then becomes

Dot (—s )= exP(—fmbS ) (3.45)
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which is the MGF of non-fading channel or AWGN channel with y_,,, =¥.,,., and similar

to the result from case 5 of combined RicianxRician when x,_and «,, >> 1.

ter

The MGF results of combined RicianxRician and combined Nakagami-mxNakagami-m

fading channel are tabulated for each special case in Table 3.2-Table 3.3.

Table 3.2 The MGFs of Instantaneous SNR of Combined Rician Fading Channels.

Case of «, and «,

ter

The MGF of Instantaneous SNR @, (—s)

Kk, and «,, #0

(Rician x Rician)

© @
) :c ler
K.

o, | (—s) =exp(-«,, —

=0 j=0 ilj!
. . 7cambs
LSEi+L ] -
2 °( (x, +1)(x, ,,,+1)]

x, #0and x, —0

(Rician x Rayleigh)

(Drmnb (_S) = exp(_ )z = 0(1 +L1 ; (KW"bs ]

i=0 + 1)

x, and x, —>0

(Rayleigh x Rayleigh)

P b ("S) = 21;;)(1’1; ;_7wmbs)

K,>>land «,, #0
=~ Single Rician fading

(Gaussian x Rician)

0, ()| |t
b ( 1¢r+1)+7wmbs ( r¢r+1)+7cambs

x,>>land k., —0
=~ Single Rayleigh fading
(Gaussian x Rayleigh)

(Drm.b (_s) ~ (1 + }7¢=ombs)—l

K, and k. >>1

(AWGN channel)

@, (=5)~ X0 (Fooms5)

Table 3.3 The MGFs of Instantaneous SNR. of Combined Nakagami-m Fading Channels.

Caseof m_and m,,

The MGF of Instantaneous SNR (D,m (—s)

m_andm, #0

(Nakagami-m x Nakagami-m)

7cnmb( S) ( Mooy Myers 5= anS)

m:r: mter

m_orm, =1

(Nakagami-m x Rayleigh)

Y comsS
@ M(—S)=2Fo[m”,l; ;—%]
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Table 3.4(cont.) The MGFs of Instantaneous SNR of Combined Nakagami-m Fading Channels.

Case of m_and m,, The MGF of Instantaneous SNR ©, (~s)

m_ and m,, =1 ®,  (=5)= 5 (LE ;-7 )
(Rayleigh x Rayleigh)

Either m,_ orm, —

Single Nakagami-m fading m

sc

@, (-s5)= (1 + Z”ﬂ“—”f)

(Gaussian x Nakagami-m)

mu_=1 and m,, —>© (D)’mmb (—S) = (1 + }7‘:0'"1,.5‘)_l

Single Rayleigh fading

(Gaussian x Rayleigh)

m, and m, —> o, . (=5) = exp(~Feoms$)

(AWGN channel)

3.2 Maximal-Ratio Combining (MRC)

Gaer Y n x1()
/
gt (N R [
-y )

\%

()
N

D

S¥

s(® > (1)

Y '%Q x.(f) =

MRC Diversity
Technique

Figure 3.8 System model of L-branch MRC receiver diversity over double fading channel.

A communication system with L-order MRC receiver diversity combining is shown in Figure
3.8. The transmitted signal s(¢) is modulated with some common modulation schemes. The
received signal x,(f) in each diversity branch assuming slow fading with constant fading loss

over each symbol interval, can be expressed as

X, (1) = Q5 (1) + 1, (2). (3.46)



45

The fading coefficient «,,

mb,

, in each diversity branch can be expressed as

acomb.l = scd 'aler.l’ (347)

where «,,,,, is the attenuation due to scintillation and terrestrial multipath fading in each
diversity branch and n(f) denotes the complex AWGN with zero mean and variance Ny/2 per
dimension in each branch. The diversity system, in general, refers to a system in which one may
have L such copies and it will have fluctuating local statistics in which each x(#) is weighted by a

weighting coefficient w,. It will be convenient to consider the weighted sum of the x(f) as

follows

YO = wx )+ wx )+t wx, (=Y wx,(0), (3.48)

.

where the weighting coefficient w, in MRC diversity system is defined by w, =, , .

Consequently, the output signal y(f) is the weighted sum of the received signal x(z) in each /-

th diversity branch, i.e.,[45]

YO =y, + y,O+..+ y, (O =Dy,
= (3.49)

= Zwlxl 0= Zwl (acomb,ls(t) +n (t)),
1=t =1

where each y (1), I =1, 2, ..., L represents the corrupted signal in the I-th channel containing the

originally transmitted signal s(f). Now in (3.49), let us write
L L
a (t) = Z W 5(t), and n (t) = Z wn,(¢). (3.50)
I=1 I=1

So that y(tf)=a(t)+n(r) , and 7, =a*[r* is the local power ratio of y or the total

instantaneous SNR per bit, where
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E{sz (’)[,Z:,: (X }z} (3.51)

- E{s (z)}[g Wl ] :

2
. L . . .
and since [ 1t w,awmb.,] is locally constant and can be taken outside the average and since

E{52 (t)} =E,, so

— L 2
a*=E, [Z w,am,_,',] : (3.52)

Furthermore,

;
¢

1 (3.53)

By using a mathematical device known as the Schwarz inequality, [45]

L 2 L L
[Z W& by ] < [Z W ][ aczomb,l j] (3.54)
= =1 =1

Hence,[45]

L 2
E, [Z W& omb 1 :I

Yr= o

[i W ]{iaczomb l]
Eb I=1 I=1 '

<= . (3.55)

L L
Ny W Mo { w,’]
1=1

=1
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With MRC receiver diversity, the total instantaneous SNR per bit 7, at the output of the

MRC receiver is

E | & 2 2
=—b|:z asc,l * altr,II ] (3'56)
o LLil=1

Thus, the instantaneous received SNR per bit in each diversity branch y,,,,,, is defined as

E

Yeombt = '171;' Csct| “|Prera| > (3.57)
and the average SNR 7., ,is
— E, E
om. =_Qcam =—_b—Q: 'Qer . (358)
Yeoms 1 N, b1 N, ed " Seer ]

Given that the random variables {7':}::1 are statistically independent, the joint PDF of

instantaneous SNR can be expressed as

3.3 Average BEP over Combined Fading Channels

The average BEP P,(E) for various digital modulation schemes with Gray code mapping can
be obtained by averaging the conditional BEP over the PDF’s of total instantaneous SNR per bit,

¥r»ie.,

1
B =17 [ P(El7:)pr, ()7, (3.60)
2
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where P, (E [ 7r) is the conditional BEP of linear modulation in AWGN channel. Throughout the
thesis, we define the conditional BEP for some common modulation schemes and coherent

rectangular quadrature amplitude modulation (QAM)

3.3.1 Average BEP for some common modulation schemes
In this Subsection, we defined the conditional BEP for some common modulation sechmes

depending on the parameter a and g as

B (El7;)=aQ(\2grlog, M), (3.61)

where Q(*) is the Gaussian Q-function which is defined by
o(x) L r exp -—i dt (3.62)
Jor L2077 [ |

and M =2’ where b is the number of bits/symbol. The values of @ and g for some common
modulation schemes are tabulated in Table 3.5 [43], [46],[47).
Moreover, the Gaussian Q-function can be alternatively defined in the definite integral form

as [11]

x/2 2
| X
x)=— |exp| - dae. 3.63
Q( ) T J‘ p( 2sin20J (3.63)
Using (3.56) and (3.63), the conditional BEP in (3.61) can thus be rewritten in a product form as

x/2
f; (EI 71.) =-;[€ J‘exp(_w)de
0

sin? @ (.64)
=£x]'2flexp g}’combllogzM .
T g T sin’d

Substituting (3.59) and (3.64) in (3.60), the average BEP becomes
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1
hE)= logzM.f [-f %

L-flod (3.65)

1/2 L
8Y comss 108, M
* J‘Hexp[ Sbllll 02 y Hp[‘m,,, 7cambly7mmbld7camb2’ ’d7r:ombL

Table 3.5 The value of a and g for some common modulation schemes.

Modulation schemes a g
Coherent Binary Phase-Shift Keying (BPSK)* 1 1
Binary Minimum Shift Keying (BMSK)* 1 0.85
Coherent Binary Frequency-Shift Keying (BFSK) with minimum
1 0.715
correlation*
Coherent Binary Frequency-Shift Keying (BFSK)* 1 0.5
Coherent Binary Amplitude-Shift Keying (BASK)* 1 0.25
Coherent M-ary Phase-Shift Keying (M-PSK) 2 sin? %
Coherent M-ary Amplitude-Shift Keying (M-ASK) M-y | _ 3
M (M?-1)
Coherent n/4 Differentially Encoded 4-ary Phase-Shift Keying s
1 sin® —
(/4 DQPSK) 42
Coherent Differentially Encoded M-ary Phase-Shift Keying (M-DPSK) 2 sin? M” -

*For Binary signals, M = 2,

Interchanging the order of integration and grouping terms of index /, we obtain

sin“ @

a "ol 8 coms 108, M
1% (E) = m I[H Iexp(—*{"z—z—}rmbl, (ycamb,l )d7mb.l 0

ol !=1¢
K/Z L
a glog, M
=— ¢ -2 Yo 3.66
rlog, M ,“;I "””"’"( sin’@ ¢.66)
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Note that the results in the aforementioned cases for combined RicianxRician and combined
Nakagami-mxNakagami-m fading channel as shown in Subsection 3.1.1 and 3.1.2 are the MGF of
received SNR in each branch. Under the assumption that the fading in each branch is identically
distributed under the same average SNR per bit ¥ and the same fading severity for all channels,

the MGF of y,.[43] can be written as

®, (-5)= I:[@,M“ (=)=[@,..., (-5)]" (3.67)

By using the MGF of y, in (3.67) under the assumption of the fading in each branch is
identically distributed under the same average SNR per bit ¥ and the same fading severity for all
channels, the average BEP of digital modulation schemes over combined RicianxRician and

combined Nakagami-mxNakagami-m fading channel with MRC diversity can be calculated from:

3.3.1.1 Average BEP Formula over Combined RicianxRician Fading Channel.

a
F(E)=———
(£) rlog, M
(3.68)

/2

_ L
: I[exp(—x,c AP R ", '," zF(r+l,j+1;; 78l08, M H e,

0 1=0 j=0 (x,, +1)(x,, +1)sin’* @

where we substituting s = glog, M /sin*4 .

From this equation, by a good approximation of the exact result when i = [imin,im“] andj
= [ Jonins jmx] as shown in (3.20), and it is straightforward to show that over the interval of
integration, the minimum of the function 1/sin®@ occurs at 6 =7z/2 and 1/sin* (7/2) =1[43].
Using this in the argument of the generalized hypergeometric function . F, in (3.68), establishes
the inequality

1 el yglog, M o yglog, M
Fli+l,j+1;; Fli+1,j+1;; 2 , (3.69
: ( I T ke ¥ X, + Dysin? «9) : ( RFITTR Y

when used this relation in (3.68), leads to the simple (no integration) upper bound
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B(E)s——
+(£) rwlog, M

_ L
-[eXP(—K,c ) S S ”. '." 20 (i+1,j+1;; 78108, M J] :
it j!

I=l sin J=Jinin (K +1)( l:r+1)

(3.70)

3.3.1.2 Average BEP Formula over Combined Nakagami-mxNakagami-m Fading

Channel.
"t 7glog, M |
(E)_ J‘ ZFI) m:c’mler; 5= __}’ﬁ_gZ__ de (371)
b4 log2 M m,.m, sin’ @

Base on the reasoning for (3.70), an upper bound of (3.71) can be obtained by letting
6 = /2 [43], yielding

L
7ol
B(E)s—2—| K| m,,m,; ;-T808M || 3.72)
ﬂlogzM m.m,,

We can see that the result in (3.71) is expressed in a more compact form than (3.68). In
(3.68), the average BEP formula over combined RicianxRician fading channel is a function of the

average SNR 7, Rician factor x,_ and x,

ter ?

M parameter, and L-order diversity in the form of
series-/ and j. While the average BEP formula over combined Nakagami-mxNakagami-m in

(3.71) is a function of the average SNR 7, Nakagami shape factor m_and m

ter ?

M parameter,
and L-order diversity, respectively, without the form of series i and J
Although the integrals (3.68) and (3.71) cannot be expressed in closed-forms, they can
be easily evaluated numerically. The derived results are simplified in terms of a single finite
integral with a compact form using the generalized hypergeometric function ,F, which is easily
computed as it is widely used in commercial softwares such as MATLAB and MATHEMATICA.
Finally, note that the average BEP formula of various digital modulation schemes over

double fading channel without diversity can be obtained by setting L to be 1.
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3.3.2 Average BEP for coherent rectangular M-QAM
The conditional BEP for coherent rectangular M-QAM modulation with Gray codes mapping

in terms of total instantaneous SNR per bit 7, over AWGN channel at the receiver is given by

[12]

P (E177) = 490(\280u77 o8, M ) - 4070’ ({28 4,77 Vo8, M ), (3.73)

where g,,, = 2(—;_—1; and g =1 _717' For coherent rectangular M-QAM, the constellation size is
given by M =4" for some integer m. The alternative definite integral form of Q(¢) and Q*(¢)
can be represented in [11] and [16], respectively, thus the conditional BEP in (3.73) can be

rewritten as

sin? @ sin? @

0
22 L log, M 2'/4 log, M
4q J-Hexp( go,m?'qimbz,l g, }1 __4 HCXP( gQAMycttmbz,l g, ]49-

0

sin“ 6 Frin sin* @

/2 log. M 2 74 log, M
Pb(E|7’T)=47q J‘exp(-ggm}./r 52 )d0—4q Iexp( Bour 82 |de

(3.74)

Substituting the conditional BEP of coherent M-QAM modulation in (3.74) and the joint PDF
of the instantaneous SNR y,_,,, in (3.59) into (3.60), afterwards rearranging the order of

integration and grouping terms of index /, we obtain

4q /2 g 4q2 /4 g
BB(E)= IH(Drmb,l (— @;M JJB— M IH(DYmM,I SIEAMQ 6. (3.75)

mlog, M ;7. sin® @ rwlog, M ;i
Following the assumption that the fading in each branch is identically distributed with the

same average SNR per bit ¥ and the same fading severity for all channels, the average BEP of

coherent rectangular M-QAM over MRC diversity can be calculated as [43]

L L
4q " o ag g
R(E)=——— [|®, -2\ d6-—1 — (|0, | -2 || g9, (3.76)
rlog, M ; sin® & wlog, M ; sin” @
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Following the same approach as in the case of some common modulation scheme as shown in
Subsection 3.3.1, the average BEP of coherent rectangular M-QAM modulation system over
combined RicianxRician and combined Nakagami-mxNakagami-m fading channel with MRC

diversity can be calculated from:

3.3.2.1 Average BEP formula over combined RicianxRician Fading Channel.

B(E)=
=2 o w0 —_ 1 M L
2 [l exp(-x,. - .,,)ZZ K gl jaty -t Sen OB M
wlog, M ; im0 joo 41J (x,. +1)¥x,, +1)sin” 8
2 z/4 - 3 10 g .
B 4q I exp(—l(n_ “’)ZZ = ‘" F l+1 ]+1, - 7gQAM gz — d@,
ﬂlogzM 0 i=0 j=0 ( +1)( "r +1)Sln 6

3.77)

where we substituting s = g, log, M / sin* 9.

3.3.2.2 Average BEP formula over combined Nakagami-mxNakagami-m Fading

Channel.

=2 ¥ tog, M\
11 (E) = 4q I ZF m.rc’mler’ ; Zﬁgﬂ——g—z—_— de
wlog, M m,m,, sin* @

ter

2 78ou 108, M\
__4q_j JFolmm,; - M de,
rwlog, M | m,m,, sin’ @

3C ter

(3.78)

By letting L = 1, the results in (3.77) and (3.78) reduce to the average BEP for the receiver

with no diversity.

3.4 Qutage Probability over Combined Fading Channels

Outage probability P_, is an important performance criterion of communication system over
fading channel. It is defined as the probability that the instantaneous receiver output SNR falls
below a specified threshold SNR y,. Altematively, P, can be defined as the CDF of y,

evaluated at y, , i.e.,

ou( F[O < Yr= 7,;,] = -(‘h pl'r (7T)d77’ (379)
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The outage probability for L-branch MRC diversity system can be computed by using the
numerical inversion method of Laplace transform of probability distribution which is proposed in

[48],[49]. It can be computed as

0 0 Neg(_ n (I) _ A+ j2zn
P = 2% exp(A4/2) Z(QJE'( 1) Ri_™ Eﬂz:’,m ) + E(A, N, Q), (3.80)
Von g=o\9/n=0 Pn ETR

where ﬂ" =2whenn=0and 8, =1forall n> 1, R{} denotes the real parts. 4, N and Q are the
values which can be set to encounter the desired error bound over all error term E(4,N,0). It can

be approximated by

A+jz:r(N+q+l)
exp(-4 l Cexp(4) L e T )
(4. 0) =122 Z‘)I )8 e (O 2B

2hh

Substituting the MGF result into (3.80) and (3.81), we obtain the outage probability of MRC

system over combined RicianxRician and combined Nakagami-mxNakagami-m fading channel.

3.5 Conclusions

In this Chapter, we derive the MGF of instantaneous SNR over combined RicianxRician and
combined Nakagami-mxNakagami-m fading channel. The derived results of MGF of combined
Nakagami-mxNakagami-m is expressed in a more compact form than the MGF of combined
RicianxRician because the MGF of combined RicianxRician requires a solution in the form of
double summation in the infinite series. Although the summation indices i and j can be computed
for a good approximation by a suitable choice of [imin,imu] and [ Jomins jmx] , which are relative

with the standard deviation of x,_and x;

ter ?

respectively.

The MGF results are necessary for the computation of the average BEP and outage
probability in some common modulation schemes with and without L-order MRC receiver
diversity combining. The derived MGF results are simplified in terms of a generalized
hypergeometric function ,F, which is easily computed by commercial software such as
MATLAB and MATHEMATICA, to name a few. In addition, the obtained general MGF
expression considers combined RicianxRayleigh, Nakagami-mxRayleigh, single Rician, single

Nakagami-m, single Rayleigh, and non-fading or AWGN channel as special cases.
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CHAPTER 4

NUMERICAL RESULTS AND DISCUSSIONS

In this Chapter, we illustrate the results from the derived BEP and outage probability in
previous Chapter. The comparisons of the theoretical results and simulation results of the average
BEP and the outage probability of various digital modulation schemes over combined scintillation
and terrestrial fading channels are shown in this Chapter. We shall present these results in two
froms of combined fading channel: 1) combined RicianxRician and 2) combined Nakagami-
mxNakagami-m fading channel for over all special cases. These results, together with the
average BEP from single fading channel are also compared. The difference in average SNR
between the theoretical average BEP and the upper bound are illustrated. Moreover, we also
illustrate the difference average BEP results and envelope PDF from the model of combined
RicianxRician and combined Nakagami-mxNakagami-m fading channel when Rician factor and
Nakagami-m shape factor are equal. The some results of this Chapter are applicable to the

systems that employ MRC diversity.

4.1 Average BEP

In this Section, we compare the theoretical results and simulation results of the average BEP
of various digital modulation schemes over combined scintillation and terrestrial fading channels.
For theoretical results, the average BEP is numerically computed using MATLAB. The
performance is plotted versus average SNR which is defined by ¥ = {Qm . Q,e,}(Eb /N,) in the
range of -10 to 60 dB. This range of average SNR is comparable with those found in the
references [26]-[30], which show error performance over combined fading channel in mobile-to-
mobile and MIMO systems. We have not found any literature works with bit error rate plot on
satellite mobile communications with combined fading channels. However, for single fading in
satellite mobile communications, the range of average SNR for single Rayleigh, Rician and/or
Nakagami-m considered in this thesis is comparable to previous works [50]-[52]. Note that in the
case with coding, most works consider the range of average SNR at about 14-20 dB.

For simulation results, the flat scintillation channel is modelled using the structure in [5],
while the flat multipath fading is based on Jakes’ model. Note that although each fading type can

be described by a Rician distribution and Nakagami-m distribution, each are generated using a
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different model. The simulation parameters are tabulated in Table 4.1.

Table 4.1 Simulation parameters.

Scintillation channel Scintillation model [5]

Terrestrial multipath fading channel Jakes’ model

Modulation M-PSK, DPSK, /4 DQPSK, M-QAM
Bit rate 56 K bit/second

Maximum doppler frequency 100 Hz.

# Receiver antenna 1(no diversity), 2, 4, and 8 antenna

4.1.1 Average BEP over Combined RicianxRician Fading Channels

In this Subsection, some theoretical and simulation results for the average BEP for QPSK
modulation over combined flat Rician scintillation and multipath Rician fading channels are
presented.  For theoretical results, the performance is numerically computed from the
corresponding expression derived in Section 3.3 of Chapter 3. The double summation in (3.68)
was computed with each of the indices i and j running from i, to i, and j,, to j, .. respectively,
which are sufficient for the convergence of the summation.

Figure 4.1-Figure 4.3 show the average BEP of QPSK modulation over combined
RicianxRician, RicianxRayleigh, and RayleighxRayleigh channels without diversity (L =1).

In Figure 4.1 and Figure 4.2, the combined RicianxRician fading channels have fixed «,,, =
10 dB and 15 dB, respectively, with the scintillation level as a parameter. As the index S,
increases, i.c., a smaller Rician factor, the average BEP degrades due to higher scintillation.
Note that, in Figure 4.1, the average BEP is lower bounded by that of QPSK in a single Rician
fading channel. When S, — 0 (x, >>1), the average BEP approaches to the performance of
single Rician fading as discussed in case 3 of Subsection 3.1.1 of Chapter 3. In Figure 4.2, when

both K, and x,, >> 1, the average BEP becomes the performance of AWGN channel.



This material is reserved for educational use only, not allowed for commercial use.

Forbidden to modify the content, and cite the document when use.



This material is reserved for educational use only, not allowed for commercial use.

Forbidden to modify the content, and cite the document when use.



This material is reserved for educational use only, not allowed for commercial use.

Forbidden to modify the content, and cite the document when use.



This material is reserved for educational use only, not allowed for commercial use.

Forbidden to modify the content, and cite the document when use.



This material is reserved for educational use only, not allowed for commercial use.

Forbidden to modify the content, and cite the document when use.



This material is reserved for educational use only, not allowed for commercial use.

Forbidden to modify the content, and cite the document when use.



This material is reserved for educational use only, not allowed for commercial use.

Forbidden to modify the content, and cite the document when use.



This material is reserved for educational use only, not allowed for commercial use.

Forbidden to modify the content, and cite the document when use.



65

4.1.3 Comparison of the Average BEP Between Combined RicianxRician and
Combined Nakagami-mxNakagami-m Fading Channel.
In this Subsection, Figure 4.8-Figure 4.10 show the comparison of the average BEP of QPSK
over combined RicianxRician and Nakagami-mxNakagami-m fading channels. According to
Nakagami[53], the distribution between Rician and Nakagami-m are a close fit when the

following parameter relationship are [46]

Nmt -m

K'=‘*"\/_z_——', for le, (4.1)
m-=\Nm —m
_(lc+l)2
m————(2K+l). “4.2)

This fit is exact in the extremes when m = 1 or k= 0 (Rayleigh fading), and m—»o or xk—>w
(non fading) but between these values a closed fit applies only over a limited range.

In Figure 4.8, we illustrate the comparison of the average BEP of QPSK over combined
RicianxRician fading channel in Figure 4.8 (a) and Nakagami-mxNakagami-m fading channels in
Figure 4.8 (b) for «,, =10 dB (or m,, =5.7619). We can see that the average BEP in Figure 4.8
(a) and (b) are equal when §,;=1 only. When §,=0.65, 0.5, 0.4, and 0.25, the average BEP over
combined Nakagami-mxNakagami-m fading channels in Figure 4.8 (b) is lower than that over
combined RicianxRician fading channels in Figure 4.8 (a).

The graph shown in Figure 4.9 illustrates the comparison of the average BEP of QPSK over
combined RicianxRayleigh and Nakagami-mxRayleigh fading channels for .= 0 (or m,_ = 1).
We observe that this graph follows similar tendency as in Figure 4.8.

The comparison of the average BEP of QPSK over combined RicianxRician fading channel
of (3.68) and Nakagami-mxNakagami-m fading channel of (3.71) with various values of antenna
diversity L (L = 1, 2, and 4) are illustrated in Figure 4.10 (a)-(d). Each of these four figures uses
one of four parameter pairs from (4.1):

k=0, m=1.

k=3.1623 (or 5dB), m=2.3653.

K=6.4641, m=4, (or §,=0.5)
x=10 (or 10 dB), m=57619
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Figure 4.9 Comparison of the average BEP of QPSK over (a) combined RicianxRayleigh fading
channels and (b) combined Nakagami-mxRayleigh fading channels for x,_ =0 (or m, =1).
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Figure 4.10 Comparison of the average BEP of QPSK over combined RicianxRician fading
channel of (4.58) and Nakagami-mxNakagami-m fading channel of (4.61).
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Figure 4.10(cont.) Comparison of the average BEP of QPSK over combined RicianxRician
fading channel of (4.58) and Nakagami-mxNakagami-m fading channel of (4.61).



70

Based on the results as shown in Figure 4.10 (a)-(d), we compare the average BEP over
combined RicianxRician fading channel from (3.68) with the average BEP over Nakagami-
mxNakagami-m fading channel from (3.71) when Rician factor and Nakagami-m shape factor are
equal. In Figure 4.10 (a), we can see that the average BEPs from (3.68) are equal to the results
from (3.71). In Figure 4.10 (b), the results from (3.68) and (3.71) have a little difference. From
Figure 4.10 (c)-(d), we can see that the average BEP result from (3.68) and (3.71) fit closely for
large average BEP (more than 10'2). The combined RicianxRician fading channel and Nakagami-
mxNakagami-m fading channel lead to a large difference in required average SNR to achieve a
prescribed value of average BEP, when average BEP is small.

When Rician factor and Nakagami-m shape factor are equal, some comparisons of the
envelope PDF of combined RicianxRician and Nakagami-mxNakagami-m fading channel are
shown in Figure 4.11. We can see from these Figures that the envelope distribution of combined
RicianxRician and Nakagami-mxNakagami-m fading channel are equal when x_andx,, = 0 (or
m,, and m, = 1) and the case of x,_ andx,, >> 1 (or m, and m_>> 1). Otherwise, the

envelope distributions are different.
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Figure 4.11 Some comparisons of the envelope PDF of combined RicianxRician and Nakagami-
mxNakagami-m fading channel.
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Figure 4.12 Performance comparisons of some differentially coded PSK over combined

RayleighxRayleigh fading channel with MRC diversity.

In Figure 4.12, we show the effect of symbol M and L-order diversity on the average BEP for

n/4 DQPSK, 4-DPSK, 8-DPSK, and 16-DPSK in combined RayleighxRayleigh fading channel.

As seen in this Figure, an increasing M leads to degrade the average BEP. The modulation with

the lowest error probability is /4 DQPSK modulation when compared with M-DPSK. The

simulation results agree with the numerical results from the derived BEP expression.

Figure 4.13 (a) and (b) show the effects of the number of symbol M and diversity order L on

the average BEP of M-PSK and M-QAM over combined RayleighXRayleigh fading channel.

Increasing M leads to degraded average BEP.
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Figure 4.13 The effects of the number of symbol M and diversity order L on average BEP over
combined RayleighxRayleigh fading channel.
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4.2 Outage Probability

The results of the outage probability performance of MRC receiver diversity over combined
fading channel are shown in this Section. The curves are computed by set 4=101n10 in (3.80)
and (3.81) to have at most 10" discretization error. Furthermore, the parameter N and Q are set

to be 21 and 15, respectively, to guarantee a truncation error at less than 107,

..........

Outage Probability, P ,

O Simulation
Analysis Rayleigh X Rayleigh
{ = Analysis Rayleigh X Rician (x = 5 dB) |-

| e Analysis Rayleigh X Rician (x = 10 dB) !
] e Analysis Single Rayleigh -
10’8 I I 3N\ A Y *
-10 -5 0 5 10 15 20

Nommalized Average SNR of First Path(dB)

Figure 4.14 The outage probability with MRC versus normalized the average SNR of first path
%./¥, over combined RayleighxRician fading channel.
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Figure 4.15 The outage probability with MRC versus normalized the average SNR of first path

7/7,4 over combined RayleighxNakagami-m fading channel.

Ilustrated in Figure 4.14 are curves for the results of the outage probability performance of
MRC receiver diversity over combined RayleighxRician fading channel. While, the results of the
outage probability performance of MRC receiver diversity over combined RayleighxNakagami-m
fading channel are illustrated in Figure 4.15.

We can see that from both Figures the effect of fading severity leads to the more outage
probability. With L=1, the result of combined RayleighxRician with x = 10 and combined
RayleighxNakagami-m with m=10 are close to that of the single Rayleigh. As L increase, the

difference is more evident.

4.3 Conclusions

In this Chapter, we compute the average BEP and the outage probability of various digital
modulation schemes over combined scintillation and terrestrial multipath fading channels. In the
design of combined fading channel, the performance obtained with combined RicianxRician
fading channel and Nakagami-mxNakagami-m fading channel. We observe that the performance
is improved as the Rician factor for combined RicianxRician fading channel or the Nakagami-m

shape factor for combined Nakagami-mxNakagami-m fading channel are increased. When the
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combined fading is the combination of RayleighxRayleigh fading, the performance is the most
severe. Increasing the diversity order L causes the average BEP decrease as expected.

The closed-form upper bounds of both combined RicianxRician in (3.70) and combined
Nakagami-mxNakagami-m in (3.72) offer a large improvement in speed when compared with the
exact single finite-range integrals as given by (3.68) and (3.71), respectively, when evaluated
numerically using MATLAB software.

The performance results from combined RicianxRician fading channel and Nakagami-mx
Nakagami-m fading channel are not equal. When average BEP is small (less than 10'2), the
performance results from combined RicianxRician fading channel required a large average SNR
to achieve a prescribed value of average BEP more than the performance results from combined
Nakagami-mxNakagami-m fading channel.

Finally, for the outage probability, the effect of fading severity leads to more outage

probability. As L increase, the difference outage probability results are more evident.



CHAPTER 5

CONCLUSIONS

The environment of satellite link system in UHF and lower bands could be degraded by
ionospheric scintillation and terrestrial multipath fading effects. With the obtained scintillation
data, distribution of Rician PDF, and distribution of Nakagami-m PDF. From the measurement
result and analysis of probability density of amplitude scintillation, we can simulate the channel
when scintillation phenomena occur in the mobile communication system. The simulation of a
communication system with scintillation as well as scattering environment due to urban and rural
setting can be implemented. Moreover, we can studies the effect of these phenomena for improve
performance of the systems.

Combined scintillation and multipath fading channels model the mobile satellite
communication channel. These channels are applicable in present wireless communication
systems.

The performances of these channels are computed based on the use of MGF. The expressions
of MGF for instantaneous SNR in the model of combined RicianxRician and ¢ombined
Nakagami-mxNakagami-m fading channels are -explicitly derived, simplified in a compact form
using generalized hypergeometric function ,F; which can be used to describe the
characterization of fading whether they are a single, double, or non-fading channel. It is then
readily useful for computation of the average BEP with MRC diversity of some common
modulation schemes. The MGF formula can also be used to compute the outage probability,
considered an important performance criterion of communication system over combined fading
channels. The average BEP and the outage probability degrade due to higher scintillation. The
performance is the most severe when the combined fading is the combination of
RayleighxRayleigh fading. The average BEP can be decreased by an increasing of diversity
order L.

In addition, we derive an upper bound for the average BEP for some common modulation
schemes for a combined RicianxRician and combined Nakagami-mxNakagami-m fading channel
with MRC diversity. The expressions are also simplified and formulated in terms of the

generalized hypergeometric function, which can be easily computed numerically. Moreover, the
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upper bound is faster to compute and less affected by numerical computation error.

Numerical results are obtained using the derived expressions for some common modulation
schemes, and compared with simulation results for different fading levels and number of diversity
branches. They show that the theoretical and simulation results agree well, while the upper bound
is also evaluated and shown to be reasonably tight.

The expressions derived in this thesis are more general than those of the combined
RayleighxRayleigh channel found in other systems such as a mobile-to-mobile system and a

MIMO key-hole channel with OSTBC receiver.
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APPENDIX A
STATISTICAL DISTRIBUTION OF RANDOM
VARIABLES

The objective of this chapter is to provide an overview of statistical distribution of random
variables and probability theory used to mathematically describe random signals. The
performance analysis in this thesis requires the application of probability theory. Some useful
probability distributions for the performance analysis of digital communication systems in

combined channels are shown.

A.1 Probability Distributions and Probability Densities of Random Variables

Given an experiment having a sample space S and elements s € S, where s is a number of
each possible outcomes of a chance experiment, we define X(s) whose domain is S and whose
range is a set of numbers on the real line. The function X(s) is called a random variable (RV). In
general, a RV can be considered a discrete RV or a continuous RV which are dependent on the
appearance of continuity of RV. Throughout the thesis, RVs are denoted by upper case letters
while the variables are denoted by lower case letters.

Let us consider the event {X < x} where x is any real number in the interval (-, ), the

probability of this event can be defined by P(X < x) and denoted by F,{(x), i.e.,
F,(x)=P(X <£x). (A1)

We note that F,(x) is called the cumulative distribution function (CDF) or probability distribution
function of the random variable X which has the following properties:[1]

Property 1: 0 < F(x) <1, with F,{-0) =0 and F,{0) = 1.

Property 2 : F,(x) is continuous from the right; that is, Xl_l.rg + Fo(x)=Fy(x).

Property 3 : F,(x) is a non-decreasing function of x; that is F,(x,) < F{x,) if x, <x,.

The derivative of the CDF F(x) is called the probability density function (PDF), denoted as

P{x), of the RVs X can be used for computing statistical averages. Thus, the PDF of a continuous

RV of X is defined in terms of the CDF of X by
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F,
px(x)=-d;‘;x—(x), —00 < X <00, (A2)
or, equivalently,
Fy(x)= J:px(u)du, —< X <00, (A.3)

When the RV is a discrete type, the PDF of RV X can be expressed as
Pr(x)=D P(X =x)5(x—x,), (A4)
i=]

where x,’s are the possible discrete values of the RV, P(X = x) are the probability, and & (x)
denotes a dirac impulse at x = 0.
From the properties of F,(x), the PDF p,(x) has the following properties:

Property 1 : Since F,(x) is a non-decreasing function and F(-c0) = 0, it follows that

px(x)= %—x@ 20. (A.5)
Property 2.: From 0 < F,(x) < 1, with F,(-») = 0 and F,() = 1, hence,
[:px (x)dx =1. (A.6)
Property 3 : From (2.6), it follows that
P(x, <X Sx,)=Fy(x,) - F(x) = j’ ? py(x)dx. (A7)

A.2 Joint Probability Distributions and Probability Densities
Some possible experiments must be characterized by more than one RVs. Multiple RVs are

basically multi-dimensional functions which are defined on a sample space of a combined
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experiment. For simplicity, we will begin with two RVs X, and X,. The joint CDF of X, and X,

can be expressed as

F,\',,\'z(xnxz)=P(Xl <x,X,<x,)

(A.8)
= E, _EP,\’,X2 (x5 %, )dx,dx,
where p, . (x,%,) is the joint PDF of two RVs X, and X, which may also be defined by
O*F, , (x,,x,)
Pxx, (x,x,) = _—Xé;%'xl—z_ (A9)
17772

The statistics of each RV are marginal functions. Thus, Fy (x)and Fy, (x,) are referred to
as marginal CDF which can be computed by the joint CDF F, , (x;,x,) for one of the variable
irrespective of the other variable. While marginal PDF, we integrate the joint PDF p, , (x,,x,)
over one of the variables then we obtain the PDF of the other variable. The marginal CDF and

marginal PDF can be expressed as
Fy, () = Fy,x, (%,,%0), Fy, (%) = Fy x, (0, %,), (A.10)
Pr @)= [ Pr Gox )y, P (®)= [ prp(om)x.  (ALD
Furthermore, if we compute joint CDF F , (x;,x,) for both variables equal to -, we obtain
Fy y,(—0,~0)=0, while Fy, (»,0)=1. (A.12)
If we integrate the joint PDF p, . (x,,x,) over both variables, we obtain
E]:pxlxz(x,,xz)dx,dxz =1. (A.13)

Two RVs X, and X, are called statistically independent if an outcome in X, is independent of

an outcome in X,. That is {x, € 4} and {x, € B}, where 4 and B are two arbitrary sets on the x
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and x, axes respectively. The joint CDF and joint PDF are a product of the two probabilities.

Hence, the two RVs are statistically independent if and only if

Fx,xz (x,x,)= Fxl (xl)sz (x,), (A.14)

or, alternatively

Px,x, (x;,x,) =DPx, (xl)pX2 (x,)- (A.15)
For the case of multi-dimensional RVs, the joint CDF can be defined as

FX.xz---x,. (%, X500 %, ) = P(X, £ %, X, £ %,,.., X, SX,)

B (A.16)
= E, L: _E:px,xz...x,, (%3 Xy yens X, )X, dx, .. %, A

where p . i (%,%,..,%,) is the joint PDF of n RVs which can be computed by taking the

partial derivatives of Fy ,. , (X;,%;,..5%,) , 1€,

anFX]X;...X" (x[,xz,...,x")
ox,0x,...0x,

Pxixy.x, XisXgsens X,) = (A.17)

The concept of multi-dimension statistical independence can be described by an outcome in
one experiment that is independent of an outcome in any other experiments. That is, the joint
probability of the multi-dimensional independent RV is a product of the probabilities from each

outcome, then

Fyxyox, 05 X250 %,) = Fy (3 VFy, (x,).Fy (x,), (A.18)

and

Py, (X5 X250 %,) = Py, (x)px, (%), (x,)- (A.19)
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A.3 Statistical Average of Random Variables

The significant role in the characterization of the outcomes of experiments and the RVs is the
statistical averages. The important statistical averages of a single RV are the first and second
moment of RVs. While the particular interest between any pair of RVs in a multi-dimensional set

RVs is correlation and the covariance.

A.3.1 Mean of Random Variable

First, we consider a single RV X. The nth moment of the discrete and continuous RV are

defined by
M
Discrete: E {X "} = Zx}'Pj (A.20)
7=
Continuous: E {X "} = _[:x" Py (x)dx, (A21)

The mean or expected value of a discrete RV X is defined as

M
f:mX=E{X}=jZ-;ij’j, (A.22)

where E{X} denotes expectation, x, are possible values, and the respective probability P, = P(X =
x). While in continuous RV, the sum becomes an integral, hence, the mean value can be

computed by

;\7=mx =E{X}= J:xpx(x)dx, (A.23)
A.3.2 Variance and Standard Deviation of Random Variables
The variance 6% of the RV X provides a measure of the dispersion. A useful relation for
obtaining ¢ is the mean of the RV (X ~E{X })2 , thus,

o? =E{(X—mx)2} = E{X* ~2Xm, +m} = E{X*} — 2% + mi}. (A24)

Hence,
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ol =E{X*}-m, (A.25)
where o, is called the standard deviation of the RV X.

A.4 Some Useful Probability Distribution

In this Section, we consider some probability distributions which are related and used in this

research.

A.4.1 Gaussian (Normal) Distribution

The normal distribution, also called the Gaussian distribution, is an important PDF
applicable in many fields. A Gaussian vector X is a vector whose components are statistically
independent and identically distributed Gaussian RVs with different statistical mean and equal

variance 2, are obtained from

X, my,
X, m

X={"2, my = R o’ =ofl,i=1,2,...n, (A.26)
X, m,

where a variable with a boldface type, X, will be used to denote a matrix or vector which always
assumed to be in a column format.

The class of Gaussian vectors is described by two parameters: mean m, (or location) and
variance o’ (or scale), which shall be denoted by N,(m,,c). The standard normal
distribution is the normal distribution with a zero mean and a unit variance. The PDF of a

Gaussian distribution RV is

pX(x)= 20_2

x

2
270,

exp[-——(f———m—x—)——]. Aa27n

The CDF of RV X is



Fo(x)= L Py (u)du

where erf(x) is the error function, defined as

erf (x)= —\/2? J:exp(—tz)dt.

Moreover, it may also be expressed in terms of the complementary error function as

2
20,

fz)

where erfc(x) is the complementary error function which is defined by

Fx(x)zl—%erfc[x—mx ]

erfe(x)= rexp —t
=1- erf (x),

and Q(x) is the Gaussian Q function which can be defined as

The moments of a Gaussian RV X are
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(A.28)

(A.29)

(A.30)

(A.31)

(A32)



E{x*} =i(’:)m}ﬂk-~

=0

where

_ 0 13- (k-1)o*  (evenk)
= E{(X = my) }”{o (odd k)

The PDF and CDF are shown in Figure A.1.

Ly
v
«

m

o
| Memmmmmem s

my —0

(a) PDF of a Gaussian distribution

m,+o,

0 my

(b) CDF of a Gaussian distribution

Figure A.1 A Gaussian PDF and CDF with mean m, and variance o7 .
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(A.33)

(A.34)
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A.4.2 Rayleigh Distribution
The Rayleigh distribution is a special case of the joint Gaussian PDF which R*=X 12 + X2
where X, and X, are statistically independent Gaussian RVs. Each RV has a zero mean and a

variance o . Hence, the joint PDF can be written as

B 1 x? +x}
' Pxyx, %1 %) = Py, () Py, (%) = 7G> €xp 252 | (A.35)
By using the polar coordinates R and @ which are defined by
2 2 -1 Xz
R=\X +X,, and 6H=tan A (A.36)
1

so that

X, =Rcosb,

. (A37)
X, =Rsiné,

where 050 <27 and 0<R< o,

Under the transformation, the area dx,dx, in the x,x, plane transform to the area rdrd@ in the

r@plane by using the Jacobian transform as

o
o(x.x) _[or 26]|_

or0) %%, o
or 86

cosd -—rsind|
=r. (A.38)

sind rcosé@

Thus, the Rayleigh PDF of R and fis

2
Pro(1.0) =10y (%,%,) =T exp( 2r 2), 0<6<2x, 0<r <. (A.39)
g

Xy =rcosf,x;=rsind - 271-0-2

If we integrate pp, (r,0) over &to get the PDF in terms of R alone as shown in (A.11), we obtain

2
pe(r)= Lzexp(-——f—z], 0<r<co. (A.40)
o 20
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The average envelope power is £ {Rz} =Q=20?%. The PDF in (A.40) can thus be written as

(r)——z—';ex —i
Pr Q P al

The CDF of Rayleigh distribution is

u u’
F,(r)= ‘E—o—_?exp(— Y= Jdu

r2
=1- exp(—iz?), r=0.

The plot of the Rayleigh PDF is given in Figure A.2

P

1
ofe

0 (o2

Figure A.2 The Rayleigh PDF.

(A41)

(A.42)

This Rayleigh distribution is often used to model the statistic of signals transmitted through

radio channels such as cellular radio.

A.4.3 Rician Distribution

The Rician distribution is a special case of the joint Gaussian PDF similar to the Rayleigh

distribution with X, and X, in (A.36) being statistically independent Gaussian RVs with non-zero

means m, and m, , respectively. The Rician PDF can be derived by using the summation of

sinusoidal signal with the joint Gaussian RVs, i.e.,



y=scos(wt +@)+n,

where
n=n_cos(ot + @)+ n_sin(wt + ¢).
Hence,
y=(s+n,)cos(at + @) +n, sin(wr + §),
=rcos(wt + 6 + @),
where

r=\,(s+nc)z+nf, with r>0 and ==——tan"(
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(A.43)

(A.44)

(A.45)

(A.46)

The joint PDF of n_and n, can be derived same as the Rayleigh PDF of R and @ in (A.39) with

non-zero means as

2 2
r n; +n;
Pro (r,B) B 270? exp(— 20 )’

where

r? =(s+n‘_.)2 +n?,

2 2 2
=8"+2sn,+n; +n,,
so that
2,2 _.2_ 2 _
n,+n; =r°—s"-2sn,
=r*-2s(s+n)+s%,

=r*—2srcosf+s?,

where cos@ = (s + nc)/ r . Therefore, the PDF in (A.47) can be written as

(A47)

(A48)

(A.49)
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(A.50)

rt —2srcos@ +s?
20? '

If we integrate pg, (r,0) over &to get the PDF in terms of R alone as shown in (A.50), we

obtain

x r r’ —2srcos@+s?
= ex o,
Px(r) f 270? p( 207 }I
r rl+st) e (2srcos€)
= exp| — exp| ——— |d#6, A.51
270t p( 20? ) f P 20t (A1)

--.L_ex _r_2+_sz_ I rs
P SR ) Py

where the v-th order modified Bessel function of the first kind 7, {z} can be computed by using

integral representation as

1,{z}= 2%! fx exp(zcosB)cos(v6)db. (A.52)

Moreover, this PDF can be written in terms of Rician factor x, where the Rician factor x is

defined by the ratio of the specular power s to the scatted power 20, i.e.,

K= . (A.53)

The average envelope of the Rician distribution can be computed by
E{R*}=Q=5+20". (A.54)

From (A.53) and (A.54), the relation between the specular power s?, the scatted power 20, and

Rician factor x can be written as

2= (A.55)
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and
20t =—"—., (A.56)

Accordingly, the PDF in (A.51) can be written in terms of Rician factor x as

Q

DPr(r)= —zr(%ﬂ)—exp (—x - %il—)] I, {2' M} (A.57)

When x = 0, the distribution reduces to the Rayleigh distribution, and when x = o, the
distribution becomes Gaussian distribution.

The CDF of the Rician distribution can thus be computed from
FR(r)=1_Q1 (iar—): r20, (A58)
oo

where Q, (a,b)is defined by

0,(ab)= fx(%)m—l exp(— xz; a}lm_, {ax} dx. (A.59)

The plot of the Rician PDF is given in Figure A.3

35 .
o x=-20 dB
3l “=-m-x= 0dB ||
H '_= .......... K= 3 dB
251 N x= 7dB ||
-——--x=10dB
2 1:. .......... K= 15 dB
= ,"\\ :i
x s \§
1) i
[t
) X
o
1+ _::__:-H,M;j\
i 3
I N
ost /2771 X i
(Y A 4 [
/’ d z'. /’ "‘. \\\“
o . N R
() 0.5 1 1.5 2 25 3

Figure A.3 The Rician PDF for various Rician factor x.
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The Rician distribution is also used to model the statistical fluctuations of the signal

transmitted through some radio channels.

A.4.4 Nakagami-m Distribution

Distribution that characterizes the statistics of signals received from a multipath fading
channel is the Nakagami-m distribution. The Nakagami-m distribution, introduced by Nakagami
[53], is often used due to its fit to experimental data which is known to provide a closer match to
some experimental data than either the Rayleigh or Rician distribution [46). The Nakagami-m
distribution is of such interest because it allows for modelling of a wide range of fading from one-
sided Gaussian fading to non-fading environments by varying the shaping factor m, while
yielding closed-form expressions for many interesting features of the channel. This distribution is

in essence a central chi-square distribution given by

2mm ! mr?
) = ex ,  r>0, A.60

where the variable Q=E{r2} is average envelope power. The parameter m is the Nakagami-m
shape factor defined by Q° / o* , which ranges from 0.5 to . By varying the shape factor m,
various distribution may be obtained. For example, when m = 0.5, the distribution is a one-sided
Gaussian distribution, when m = 1, the distribution becomes Rayleigh, and the distribution
becomes non-fading when m goes to infinite.

The Rician distribution is related to the Nakagami-m distribution by

(xc+ 1)2
m= s x =0, (A.61)
2k +1
and
z —
k= M w1, (A.62)

In addition, the Nakagami-m distribution offers features of analytical convenience in comparison

to the Rician distribution because the Nakagami-m distribution is a central distribution and does
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E[al]=Q, =a,+20%.. (C.3)

The envelope PDF of scintillation coefficient r,, =

a,, (t)[ has a Rician distribution where the

Rician factor can be computed by

K =2 (C.4)

L

Given that the average envelope power Q= 1, then the power of specular and scattered

signal can be defined by

a, = K"si - (C.5)
, 1
20, = P ~ (C.6)

Moreover, the phase distribution of the random signal propagation path in ionopheric

scintillation phenomena is approximately Gaussian distribution [1].

C.2 Simulation Model

For simulation, we employ the model as shown in Figure C.1 to simulate scintillation
coefficients. The autocorrelation function of n,(t) must be specified by [5]

R (D)= E[n, (@) n(t-1)] =202 -/, X))

where 7, is the signal decorrelation time interval.

H, (f)=\P.(f)e™™¥ a,e”
Complex white r (D
s , ne) A
e | 11T, 0+ w0
Lt Scale factor, 8

Figure C.1 Simulation model of scintillation coefficient
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The power spectral density P, (f) of the scintillation is used to generate the scattered
component 7 (f) due to ionospheric scintillation effect in time or frequency domain that can be

written as [1],[2],[5]

B.(N)=H. () |’=j (@) dr

= Iz 2 —(r/ro) —Zxﬂ’rdr (C8)

=2027,\1 e (s

The scale factor is a constant which chosen to yield the desired output variance 202, defined

by

(C.9)
H_ () | /2N

ﬁ J 2 N-1
where N is the number of points computed.

The sample scattered component #, () can be generated as follows [5]

2N-1

n (1) = —ﬁ Z SH, (™™™

2N-1 ) (C.10)
1 2N_ O-.rc Z f(I)H“. (I)eZprlllzN ,
J H, 1y /ZN 1=
I=0

where 0<f<N -1, and £(/) denotes samples of a white, unit variance complex Gaussian
sequence.

The level crossing rate or fade rate is the expected number of crossings of the fade threshold
level which normalized by mean-square envelope 7. It can be expressed in terms of the signal

decorrelation time interval 7, , Rician factor K, , and fade threshold level 7, i.e., [5],[46]

Ly =27 (s, + 1) T-oxp(~x,, - (x,, 1))z, {2,/x,c (k. + 1)2‘"}. C.11)
TO
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This level crossing rate is inversely proportional to the decorrelation time. Moreover, as the
Rician factor increases, i.e., a larger specular component, the level crossing rate decreases

exponentially for a given 7, in the envelope density function.



APPENDIX D

ANOTHER APPLICATIONS IN EXISTING WIRELESS
SYSTEMS OVER COMBINED FADING CHANNEL

The derived MGF results of combined RicianxRician and Nakagami-mxNakagami-m fading
channel expressions find applications in existing wireless systems such as satellite mobile
communication system, mobile-to-mobile communication system, and MIMO wireless
communication system. In this appendix, we propose the charactistic of mobile-to-mobile
communication system and MIMO wireless communication system over combined fading

channel.

D.1 Mobile-to-Mobile Communication System
The mobile-to-mobile communication system, such as the mobile ad hoc networks is distinct
due to the motion of both transmitter and receiver. The narrow-band impulse response of radio

channels after multiple scattering can be modeled as
ay =(C+ea, + o, +E o, + ., (D.1)

where C is the deterministic LOS component with constant magnitude, ;s are independent
identically distributed (i.i.d.) isotropic zero-mean Gaussian random variables, and the weights
{f,,}:’:o are positive real constant. Conventionally, only the first-order scattering ( e, =0 for all i
2 1) is assumed, which the magnitude signal is Rayleigh fading (or Rician, if lC| >0) and the
weight parameter & and & = 1.

For NLOS double scattering, where & =1, =0 forall i#],2 and C = 0, the magnitude
signal can be defined by double Rayleigh distribution (or combined RayleighxRayleigh) which is

often used to model multipath fading in mobile-to-mobile communication channel.

D.2 MIMO Wireless Communication System

We use the following notations throughout this Section. A variable with a boldface type will

be used to denote a matrix or vector., N,(m,R) denotes the circularly symmetric complex u-variate
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Gaussian distribution with the mean m and the variance R. 1, denotes the nxn identity matrix.
|H]| % is the squared Frobenius norm of matrix and llhllz will be used to denote the squared
Euclidean norm of vector h. E{*} denoting expectation is the mean-square envelope. The
superscript T ) ., and 7 will be employed to denote transpose, complex conjugate, and complex
conjugate transpose, respectively. The subscript ,, and , will be used to denote transmit and

receive array, respectively. Finally, p(+) denotes a PDF.

Constellation ML Decision |z,
Information Mapper Channel 7
Signals | ] l e Estimators and

ole e Combiner

Figure D.1 Spec-time block-coded MIMO system over keyhole channels.

This Section commences by a considering the degeneracy transpired by the occurrence of the
keyhole flat fading effects in a MIMO wireless communication system as shown in Figure D.1,

which consists of L transmit and L, receive antennas. The received signals can be given by
R = ZS+n, (D.2)

where R is an L x1 matrix representing the received signal, S =|:s,,s2,...,sbr ]T that is the L,
signals which are transmitted simultaneously through L, transmit antennas. The n denotes L,x1
noise samples which are the independent and identically distributed (i.i.d.) complex AWGN with
zero mean and variance Ny/2 per dimension, ie., n~ N, (O, N, -ILR) . The Z is the LxL,

channel matrix for keyhole MIMO channel which is given by

allBl aZIBl aLTA

Z =pa’ = a\:Bz az:ﬂz ab,::Bz , (D.3)

axﬂL, azﬂl., aL,-ﬂL,
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where each element of the {a,}:;’l and { ﬂj}j: are i.i.d. Rician random variable with fading

severity parameters at the transmit and receive arrays, respectively. Both elements are with

probability density function (PDF) given by

20 (k1) [+l _ai(xp+l)
pr(e)= a, o LQ, ¢ ) 'T' —= LKy
(D.4)
i {za M}
Q. :
2% (kg +1) [ K, +1 bt _,BZ(KRH)_
Pal)= Q, KpLp€2p P Qp fak
(D.5)

-IL,_.{zﬂ "_L__(E‘“_‘)}

Q,

where the Rician factor x; and x;, are defined as the ratio of the specular power to scattered power
of transmit and receive array, respectively. Q, =E[a,2], and Q, =E[,Bj2]. We assume that the
average envelope power in transmit and receive scatterers are equal to 1, that is, E[lz,.,llz] =Q.-Qp
=1 where |z,,j|2 denotes the square magnitude of z,. Moreover, all entries of the channel matrix Z
are uncorrelated but rank (Z) = 1.

Let us consider a space-time block-coded (STBC) designed for L, transmit antennas in
keyhole MIMO channel. In general, STBC is defined by p time slots and L, transmit antennas in

pXL, transmission matrix G

i 8n 8,
G=|%» 82 7 Bur| (D.6)
gpl gpz e gpbr

where each element of g, in each row and each column is a signal point selected from a signal
constellation with M=2° signal points. Therefore, 2° data bits are mapped into L, signal point in
each time slot. Each element in matrix G is formed by complex and complex conjugates linear
combinations of 5,,5,,...,5,, such that the rows or columns are orthogonal with each other. The

rate of STBC is defined as R = M/p which the possible rate of diversity STBCis R < 1.
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The received signal after STBC over p time slots can be given by
Y =ZG +n, ®.7)

where Y is an L xp vector.
It should be noted that in the STBC, the total transmission power over t-th time slot is pE,.

Moreover, the STBCs encoding and decoding can effectively transform a MIMO fading channel

into the parallel SISO channels from the orthogonality property [30]:

y=, /"—Zﬂ”—g +n= -——"a"["rl’;” g+n, (D.8)

where y represents a mx1 received signal vector at L, received antennas and
8=[8,1:81>8u, I'. From the equivalent above, STBC channel in (D.8) shows that the
spectral efficiency and becomes Rlog, M bits/s/Hz. This is because there is a bandwidth loss by
a factor R and the rate loss of STBC has already been reimbursed by the energy combining gain
of STBC. Consequently, the instantaneous SNR per symbol .. after STBC decoding is defined
by

_E, [of B[
STBC — N, -_L,.—R_ (D.9)

After that, the received signals y are then passed through to the ML detector which is
employed for recovering the transmitted data symbol in MIMO system. With perfect channel-
state information by the ML detector that is assumed to know the channel matrix H, the decoder
then searches the closest Square Euclidean distance between the hypothesized received sequence

and the actual received sequence. Thus the decoder output is

S = agrmin|Y - ZS“i . (D.10)
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D.2.1 PDF of keyhole Rician fading channels
From (D.3), each entry of the fading coefficient for a keyhole flat Rician fading MIMO

channel is the product of two i.i.d. complex Rician random variables which has the PDF

Prr(a.B)=pr (@) Pr(B)- (D.11)
The probability of z where z = axcan be found from

P (z)dz = jjp,(a pr(B)adp
dz
l (—) —da (D.12)

o e

Q

Substituting (D.4)-(D.5) into (D.12) and using the series representation of the modified
Bessel function in (2.24). The envelope PDF of keyhole flat Rician fading MIMO channel,

piohote (), can be expressed as

PP ()= [ s (@)pu 2 Jae

Le-1
=4z (K,+1)(KR+1)VIKT+1 ’;Rzl
R™R

( ,—-———KTLT (K‘T N 1))14 -1+21 (z ,——————KRLR (KR n 1))LR—|+2J

§,Zo I (L, +1)T (L + )
o 2

. IaZLr—ZLR+ZI—Zj-l exp(—az (’Cr + 1) _Z (KRZ+1)}J0:.
- [24

exp(—Lr i — Lyky)

(D.13)

Using the relation (2.26), the envelope PDF of keyhole Rician fading channel, pj”*** (z) ,

can be written as
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.h

*’yﬁo" (z) ._.(\/z2 (KT + 1)(KR + 1) )er‘ CXP("L,-KT "'LRKR)
() (L) (70 71, 1)
i JI(L, +)T(Lg + )

Koy {27 (e + )+ )}

N

ii (D.14)

=0

-

To obtain the PDF of instantaneous SNR pf* (7) , Where we determine the density of y= z

thus the envelope PDF with change-of-variable as shown in (2.35) and (2.36) are used to obtain

P (r)=— [Pz “(2)+ P (~2)]
& (D.15)

~S P W) ()]
However, every possible z is non-negative, hence,

hﬂ'm( ) lzeyhal:/g-\/;), o6

and the instantaneous SNR of the square Frobenius norm of the channel matrix is

Ceff, =lof I =55 e =50 525 - a2, ®.17)

i=1

where 4 = ZL’ o} and B= ZI_ B .

Consequently, the PDF of instantaneous SNR can be computed by substituting (D.14) into
(D.15) to produce

P (1) = 3(\/7(,(, (et D)) exp(-Loky — Ly
(L) (L) (G + D D))

par e iIT (L + )T (Lg + j)
Ky sy {2 (e + 1) (0 +1)}.

(D.18)
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D.2.2 MGF of keyhole Rician fading channels
In this subsection, we derive the MGF of instantaneous SNR per symbol of keyhole flat
Rician fading MIMO channel where this MGF ®%**"(—s) is defined from the keyhole fading

keyhole

P (7) as following

D} (—5) = Iexp(—sr)p“’*"" ()d7, (D.19)

where s is a complex variable. Replacing the PDF pf?** (7) in (D.18) into (D.19), then using
the relation (3.3), (3.5) and (3.8). A final result of the MGF can consequently be expressed in

terms of a generalized hypergeometric function , F, (a,b;;z) as

Q7 (—5) = exp(~L x; — LK)

ii(l—rrr) (Leks)’ o(zm,LR i

(cr +D(xz +1) )

i=0 =0 it j!

s ] (D.20)

From the STBC decoding condition in (D.10), the MGF of . of keyhole MIMO Rician

fading channel can be readily written as

L.R
© © ! /
=exp(-Lyic; — Lyk)D. Y, (Lrir) (L) (D.21)

i=0 j=0 i !j !

E,
; SH,
F;)(IT-*-ISLR-'-.]” (KT+1)(K'R+1)ITRJ

EJ
O (—5) = Dy (—s i]

In the limit when either Rician factor goes to zero, the MGF reduces to a single sum, e.g., when

K, becomes 0

EJ

(x, + 15L,R

‘Dz-:k( S) exp( LI'KT)Z(IT T) o(lﬂ""i’LR; "

i=0

]. (D.22)

In the limit when both Rician factors become zero, the MGF reduces to
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S.EL
el COEIA (LT,LR; ;——L:”;;). (D.23)

D.2.3 Performance analysis

The average SEP, P(E), can be obtained by averaging the conditional SEP given the
instantaneous SNR per bit in (3.60). Throughout this paper, we define the conditional SEP for
some common modulation schemes depending on the parameter a and g as (3.61). Substituting

the MGF (D';‘::" (—s) in (D.21) into (3.60), the average SEP becomes

0= (Lo Ly 35 L) ()

i=0 j=0 i!j!

i (D.24)
/2 . SH;
. F i L 53 o deé,
.C 2 {L’H’ ntJ (KT+1)(KR+1)LTR]

where s is defined by g / sin? .

In the limit when either Rician factor goes to zero, the average SEP becomes

E'

P(E)——exp( LTKT)Z(LHCT) L«/ZZE)(LTH.’LR; ;—(———fﬂ-ﬁ]d& (D.25)

prs Ky +1)

In the limit when both Rician factors become zero, the average SEP becomes
a /2 S5
P(E)y==(",F| L. Ly ;——>|dé. (D.26)
E)=—[" O[Lr . LTR]

The resulting average SEP equations can therefore be expressed in a compact form and is a

function of Rician factor (x; and k), L, transmit, and L, receive antennas.

D.2.4 Numerical Results and Discussions
In this Subsection, some PDFs of the output SNR of MIMO keyhole channels are illustrated
from the derived results in Subsection D.2.1. Moreover, some theoretical and simulation results

of the average SEP for some modulation types over keyhole flat Rician fading MIMO channel
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