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Abstract

Spatial diversity employing multiple antennas is an effective method for mitigating 

the effects of fading in mobile communication systems. One of the simplest and lowest 

complexity diversity methods used for the mitigation of the deleterious effects of 

fading channels is switch-and-stay combining (SSC). In the first part of this thesis, we 

study the performances of predetection and postdetection SSC receivers in correlated 

fading channels. Tractable analytical expressions are obtained for the average symbol 

error rate (SER) of various modulation formats of practical interest. It is shown that 

the performance gain of postdetection SSC over predetection SSC can be as much as

1.1 dB in average signal-to-noise power ratio (SNR). In the second part, we examine 

the performances of noncoherent modulation schemes with L  branch signal-p/ws-noise 

( S + N )  selection combining (SC) receivers in independent as well as correlated fading 

channels. We compare the performances of S  + N  SC receivers with the classical 

SC receiver and show that, unlike as suggested by previously published results, the 

performances of S  + N  SC receivers are not always superior to the performance of 

the classical SC receiver, if the receiver is operating in the low SNR region. However, 

for moderate to large average SNR, we show that S  + N  SC can have a gain of 1.5 

dB in average SNR over classical SC, when operating in correlated fading channels.

In the last part of this thesis, we propose and examine the performance of a dual­

branch decorrelator receiver in correlated fading channels. It is shown that the receiver
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does not need any knowledge of channel statistics to perform the decorrelation. It 

is observed that the decorrelator receiver when combined with switched combining 

and classical SC is superior to the performance of a conventional switched combining 

and classical SC receiver, respectively. The gain of the decorrelator receiver over the 

conventional receiver is shown to be as much 2.8 dB in average SNR when SSC is 

employed.
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Chapter 1

Introduction

Wireless technology is the foundation for the much anticipated ubiquitous commu­

nication systems that allow people and machines to transfer and receive information 

on the move, anytime and anywhere. Wireless systems operate on complex and time 

varying channels that introduce severe multipath and shadow fading to the prop­

agating signal. This places fundamental limitations on the performances of mobile 

communication systems. Many methods such as linear diversity combining techniques 

are used to overcome the effects of fading.

In this chapter, we first give a brief review of fading channels and we introduce 

some linear diversity combining techniques which are used to overcome the effects 

of fading. Next, we introduce system performance measures which are widely used 

in assessing the performance of various digital communication systems. Finally, we 

conclude this chapter with the thesis outline and a summary of contributions.

1.1 Fading C hannels

When a steady-state, single-frequency, radio wave is transmitted over a multipath 

channel, the envelope amplitude of the received signal is observed to fluctuate in

1
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time. This phenomenon is known as fading [1] and its existence constitutes one of 

the limitations of mobile communication design. In the following sections, fading 

channels are categorized.

1.1.1 Slow and Fast Fading Channels

Fading channels can be categorized as fast fading or slow fading channels [2], [3]. The 

terminology fast fading is used to describe channels in which the channel coherence 

time, T0, is less than the time duration of a symbol transmission, T3. The coherence 

time is a measure of the expected time duration over which the channels response 

is essentially invariant. In fast fading channels T0 < Ts, and the time in which 

the channel behaves in a correlated manner is shorter than the time duration of the 

symbol. In contrast, under slow fading T0 > Ts, and so the channel state will virtually 

remain unchanged during the time in which the symbol is transmitted.

1.1.2 Small- and Large-Scale Fading Channels

Another categorization of fading channels is large-scale and small-scale fading [2], [3]. 

Large-scale fading represents the average signal power attenuation or path loss due 

to the transmission of the signal over large areas. The statistics of large-scale fading 

provide a way of comparing an estimate of the path loss as a function of distance, 

where path loss is defined as the received power expressed in the terms of transmitted 

power. Small-scale fading refers to dramatic changes in signal amplitude and phase 

that can be experienced as a result of small changes ( as small as one-half wavelength ) 

in the spatial separation between the receiver and the transmitter. Small-scale fading 

is further categorized as frequency selective and frequency non-selective fading.

2

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



1.1.3 Frequency-Selective Fading Channels

In frequency-selective fading, as the name suggests, the frequency components of the 

transmitted signal are not attenuated equally by the channel. Frequency-selective fad­

ing is found in wide-band systems where the bandwidth is greater than the coherence 

bandwidth. Coherence bandwidth is defined as the range of frequencies over which 

the fading effect introduced by the channel is highly correlated [3]. In other words, the 

coherence bandwidth represents a range of frequency over which the channel passes 

all spectral components with approximately equal gain and linear phase. One of the 

consequences of frequency-selective channels is the time dispersion in the transmitted 

signal which limits the system performance by causing intersymbol interference in the 

detection process.

1.1.4 Frequency Non-selective Fading Channels

A fading channel is called non-selective if all the frequencies are affected in the same 

manner. Narrowband systems, where the transmission bandwidth occupied by the 

signal is smaller than the coherence bandwidth, experience non-selective fading.

In a frequency non-selective channel the phase and the amplitude of the signal are 

affected. The phase is usually assumed to have a uniform distribution in [0, 2ir], For 

the envelope of the transmitted signal, however, many different distribution models 

have been proposed in the literature. The most well known distributions are the 

Rayleigh, Rician and Nakagami-m distributions. The probability density function 

(PDF) for each of these distributions and short descriptions of the environments in 

which these models are used, are given below.

3
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1.1.4.1 Rayleigh D istribution

In a rich scattering environment where there is no line of sight (LOS) between the 

receiver and the transmitter, the envelope of the fading signal is modeled with a 

Rayleigh probability density function (PDF) [4], [5]. The PDF of the fading ampli­

tude, a, is given by

1.1.4.2 R ice D istribution

Some types of scattering environments have a specular or LOS component. This 

happens in microcellular urban and suburban land mobile, picocellular indoor and

2a , a 2.
/ ( « ,  n ) =  a  - ( l . i )

where 0  =  E[a2] is the average fading. Note that E[-] denotes the expectation oper­

ation.

factory environments. In these environments the Rice distribution is used to model 

the fading amplitude a  and its PDF is given by [4]

a  >  0

( 1.2 )

where K  is the Rice factor defined as

Specular component power s2
(1.3)

Scattered component power Q

and E [a2] =  s2 +  72 and where 70(-) denotes the modified Bessel function of the first 

kind of order zero. Note th a t for K  =  0, this model reduces to  the Rayleigh model

and for K  — oo, the channel does not exhibit fading at all.

4
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1.1.4.3 Nakagam i-m  D istribution

The Nakagami-m model was first developed by Nakagami in early 1940’s. It is of­

ten the best fit to land mobile and indoor mobile multipath propagation as well as

ionospheric radio links [4]. The PDF of the fading amplitude a  is given by [4]

, ,  „  . 2m ma 2m~1 (  mo!2\  . .
/ ( « ! » . ”>) =  n „ r(m ) e x p ^ - ^ j ,  a  > 0 (1.4)

where m  is the fading parameter defined as

fl2 1
m ~  E[(R2 -  n y y  m ~ 2

As was stated earlier the Nakagami-m distribution has better accuracy in matching 

experimental data than the Rayleigh and the Rice distributions. The parameter m  

controls a wide range of fading models. For m  — \  and m  = 1 the Nakagami-m dis­

tribution reduces to the one-sided Gaussian and Rayleigh distributions, respectively. 

Also, as m  approaches + 0 0  the pdf becomes an impulse function located at VU, 

which corresponds to a channel with no fading.

1.2 D iversity  M ethods

Diversity is an effective method that exploits the principle of providing the receiver 

with multiple faded replicas of the same information bearing signal [4]. To understand 

why diversity can be an effective method to improve the system performance, assume 

that the receiver has L independent copies of the transmitted signal. Then if p 

denotes the probability of any given branch being in a deep fade, then the probability 

of having an all the branches being in deep fades will be pL [6].

Diversity can be achieved by several methods. Some are antenna diversity, angle

5
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diversity, polarization diversity and frequency diversity. The most well known diver­

sity method used in wireless communication systems is antenna diversity. Diversity 

combining schemes can be categorized as predetection and postdetection combining 

schemes. Diversity combining that takes effect at radio frequency (RF) is called pre­

detection combining, while diversity combining that takes effect at baseband is called 

postdetection combining.

Lets assume that there are L  diversity branches at the receiver and each branch

undergoes frequency nonselective fading. The signals that are received at the diversity

branches could be combined in different ways. Depending on the bit error rate (BER) 

requirements of the system and the constraints on the complexity one can choose a 

diversity combining technique.

1.2.1 Classical Selection Combining

In selection combining (SC) the input having the largest signal-to-noise ratio (SNR) 

among L possible branches is selected for data detection. The output SNR of SC can 

be expressed as

7sc, -  max{7 j} =  7 (1). (1.5)I

where 7 (j)’s are the ordered SNR’s of the diversity branches, i.e., 7 7 ) > 7 (2) > • • • > 

7 (£,). Note that in the analysis of classical SC, such as that presented in [5], it is 

assumed that in measuring the largest SNR, the average noise power, computed as

n2(t) =  — [  n 2(t)dt (1-6 )
r  J o

is taken over a sufficiently long time r  such that it can be assumed constant over all 

branches [7]. Therefore, in the analysis of classical SC, choosing the largest signal 

magnitude is considered equivalent to choosing the largest SNR.

6
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1.2.2 Signal-plus-Noise (S  + N ) Selection Combining

In a practical communication system employing classical SC, one needs to measure 

the SNR on each diversity branch in order to choose the largest for data recovery. 

This however, might be expensive or difficult especially for high signaling rates. As 

a result, the branch with the largest signal-plus-noise (S + N ) sample at the output 

of the matched filter is selected for data recovery. We refer to this combining scheme 

as S  + N  SC.

1.2.3 M aximal Ratio Combining

In this method, the signals from L branches are weighted proportionally to their 

SNRs, co-phased and then summed. Brennan [1] has proved that the output SNR of 

the MRC combiner is equal to the sum of the branch SNRs, that is

L

tm r c —y :  ii-
i=i

If the branches are independent and identically distributed and the signals have equal 

energy, then it can be shown that MRC is equivalent to maximum likelihood (ML) 

detection [4, pp. 280-281]. Note that MRC is used with coherent modulation systems.

1.2.4 Equal Gain Combining

In MRC, the receiver has to estimate both the phase and the amplitude of the com­

plex channel gain and is expensive to implement. Equal gain combining (EGC) is a 

simpler diversity method , where the branches are co-phased and are equally weighted, 

alleviating the need to estimate the amplitude of the channel.

7
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1.2.5 Square-Law Combining

In square-law combining (SLC), the outputs of the square-law detectors are summed 

to form the final decision. For orthogonal digital modulation with noncoherent de­

modulation and independent and identically distributed (i.i.d) diversity branches, the 

optimum diversity combining technique is SLC [8].

1.2.6 Switch-and-Stay Combining

Switch-and-Stay Combining (SSC) is a combining scheme designed to simplify the 

complexity of a classical selection combiner. As mentioned earlier, in a classical SC 

receiver the system has to monitor all the branches to find the branch with the best 

fading conditions. In SSC, however, the receiver selects a particular antenna until 

its quality drops below a predetermined threshold. When this happens, the receiver 

switches to another antenna and stays connected to it until the signal quality drops 

below the threshold, regardless of whether the quality of that antenna is above or 

below the predetermined threshold.

We note that switching transients will cause “dead times” (locally generated out­

ages) in the receiver. However, switching rate analyses of SC and SSC systems have 

only been recently considered in the literature [9], [10], [11]. For example, Beaulieu 

has obtained analytical expressions for the switching rates of dual-branch SC and 

SSC systems [11]. We do not consider the deleteroius effects of switching transients 

in this thesis.

8
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1.3 S ystem  Perform ance M easures

In this section we briefly introduce three measures which are widely used in evaluating 

the performance of wireless communication systems.

1.3.1 Mean Output SNR

One of the most well known performance measures of a communication system is the 

mean output SNR at the combiner output. The mean output SNR is often used as 

a comparative performance measure in communication systems and can be obtained 

as [12]
P O O

7  =  /  xf^(x)dx  (1.7)
Jo

where / 7(-) denotes the pdf of the combiner output.

1.3.2 Outage Probability

The outage probability of a system is defined as the probability that the instantaneous 

error probability exceeds a specified value or equivalently, when the probability of 7  

falls below a certain threshold 7 th [12]. That is,

/■7th

P ou t =  /  (1-8)
Jo

1.3.3 Average B it Error Probability

The most well known performance measures of a communication system are it’s av­

erage BER and average symbol error rate (SER). One way of obtaining the average

BER/SER is by averaging the the conditional bit error probability in a static (non

9
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fading) channel over the signal fading. That is

PO O

Pt (E ) =  /  P„(E\i)h(- i )dr  (1.9)
Jo

The average BER/SER is a very good indicator of the system behaviour and the one 

most often illustrated in documents containing system performance evaluations [12].

1.4 T hesis O utline and C ontributions

In Chapter 2 we study the performance of predetection dual-branch SSC in correlated 

Rician fading. Analytical expressions are derived for the average SER of several 

modulation formats of practical interest with predetection SSC in correlated Rician 

fading. Analytical expressions are also derived for the mean output SNR and the 

outage probability of dual-branch predetection SSC in correlated Rician fading.

In Chapter 3 the performances of two dual-branch postdetection SSC receivers op­

erating in slow, frequency nonselective correlated Rayleigh and Rician fading channels 

are analyzed. For each receiver structure analytical expressions are derived for the 

average BER and average SER of noncoherent binary frequency shift keying (BFSK) 

and noncoherent M -ary frequency shift keying (MFSK) in correlated Rayleigh and 

Rician fading. For Rayleigh fading, the impact of fading power imbalance is also 

studied. The effects of important parameters, such as the correlation coefficient, fad­

ing power imbalance and fading factor, on the performances of these postdetection 

SSC receivers are analyzed. The performances of the postdetection SSC receivers are 

compared to the performance of the predetection SSC receiver obtained in Chapter 

2 and it is observed that postdetection SSC outperforms predetection SSC.

In Chapter 4 we study the performance of two S + N  SC receivers with noncoherent 

BFSK and noncoherent MFSK in independent but not necessarily identical (i.n.d)

10
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Rician, Nakagami-m and Rayleigh fading channels. For each receiver, we obtain 

average SER and BER expressions in terms of single integrals with finite integration 

limits. In addition, we analyze the performance of classical SC in i.n.d fading channels. 

Our analytical expressions are validated using extensive Monte Carlo simulations. 

Our results indicate that, unlike as suggested by previously published results, the 

performances of S  +  N  SC receivers are not always superior to that of classical SC 

in fading and depend on the value of the SNR, the modulation order, the diversity 

order, the multipath intensity profile and the fading parameter of the channel. It is 

further shown that increasing the number of diversity branches in a S + N  SC receiver 

does not necessarily decrease the probability of error if the system is operating in the 

low SNR region. The performances of S  +  iV SC schemes are also compared to the 

performances of EGC and SLC receivers.

In Chapter 5 we generalize the results of Chapter 4 to correlated Rayleigh and 

Rician fading channels. The branches axe assumed to be equally correlated for Rician 

fading. For Rayleigh fading, the correlation model is more general than the equally 

correlated scenario and includes it as a special case. For each receiver structure, we 

obtain analytical results for the average BER of noncoherent BFSK and noncoherent 

MFSK in the format of double integrals which can be easily computed using Gaussian 

quadrature techniques. The effects of diversity order, correlation and the fading 

parameter on the performances of S  + N  SC receivers are studied. Several numerical 

examples are presented to compare the performances of S  + N  SC receivers with 

classical SC. For example, in the case of equally correlated Rician branches, it is 

shown that the performance gap between S  + N  SC and classical SC increases as the 

correlation among the diversity branches increases.

In Chapter 6 , we propose a new dual-branch decorrelation receiver and analyze

11
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its performance with classical SC, SSC, EGC and SLC in correlated slow, frequency 

nonselective Rayleigh and Rician fading channels. We show that the decorrelator 

receiver, when combined with classical SC and SSC, can improve the performance 

of the system as much as 2.83 dB in average SNR. It is shown that the decorrelator 

receiver and the conventional dual-branch receiver have the same performance if SLC 

is employed. For the decorrelator receiver with SC and SSC important performance 

measures such as the average BER of several modulation schemes of practical interest, 

mean output SNR and outage probability are computed. Our results show that the 

outage probability of the decorrelator receiver can be reduced by as much as one-sixth 

relative to the outage of the conventional receiver in some scenarios. On the other 

hand, it is shown that decorrelation has no benefit for dual-branch MRC and negative 

benefit for dual-branch EGC.

Finally, the conclusions and a summary of the thesis is presented in Chapter 7 as 

well as some suggestions for future research.

12
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Chapter 2

Predetection Switched Combining in 

Correlated Rician Fading

2.1 In troduction

The application of SSC systems has been suggested for low complexity receivers where 

the number of diversity branches is equal to two [13]. In this chapter, we consider 

the performance of dual-branch predetection SSC in correlated Rician fading in con­

junction with several modulation formats of practical interest. The performance of 

predetection SSC systems has been thoroughly investigated in correlated Rayleigh 

and Nakagami-m fading channels [14], [15]. However, the performance of predetec­

tion SSC in correlated Rician fading is not well studied in the literature. To the best 

of the author’s knowledge the only reference that has results on the subject is [16], 

where the performance of noncoherent BFSK is analyzed. In [16], the authors have 

used the probability density function of the bivariate Rician distribution to obtain 

their results which are in the form of triple integrals and are difficult to compute. In 

this chapter, using a different approach to that of [16], we obtain analytical expres­

sions for the average SER of several types of modulation formats in correlated Rician

13
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fading. For example, for noncoherent BFSK, our result is given in closed-form and is 

much easier to compute than the triple integral given in [16].

Using these analytical expressions, optimum switching thresholds that minimize 

the average SER can be obtained. The validity of our analytical results are tested 

using Monte Carlo simulation. The performance of predetection SSC is compared 

to classical SC. The effects of correlation coefficient, fading parameter and switching 

threshold on the performance of predetection SSC systems are investigated.

The remainder of this chapter is organized as follows. In Section 2.2, the system 

model and the structure of the receiver are introduced. In Section 2.3, analytical 

expressions are derived for the performance of various modulation formats with dual­

branch predetection SSC in correlated Rician fading and optimum switching thresh­

olds that minimize the average SER are obtained. Furthermore, analytical expressions 

for the output average SNR and outage probability are derived. In Section 2.4, some 

numerical examples are given and the validity of our analytical results are tested 

via Monte Carlo simulation. In addition, the effects of fading correlation and fading 

parameter on the performance of SSC systems are demonstrated via some numerical 

examples. Finally, some conclusions are given in Section 2.5.

2.2 Sw itching M echanism

The switching mechanism is as follows. We assume that the switching is performed 

at discrete instants of time t = n T  where n is an integer and T  is the time interval 

between switching times [17]. For instance, in a packet based communication system 

T  could be the time between the transmission of packets. The fading on each diversity 

branch is assumed to be slow and frequency nonselective and the Rician model is used

14
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to characterize the fading statistics. The fadings on the two branches are assumed to 

be correlated with correlation coefficient p.

Let 7 ssc(^) denote the output of the switch at time t  — nT  and let 71 (n) and 

72(n) denote, respectively, the instantaneous SNR on channels 1 and 2 at time t = nT. 

We assume that the fadings on the two diversity branches are correlated. We further 

assume that the average SNR on the two branches are identical, i.e., 7  =  71 =  

72- Let 7 ssc(n ) denote the instantaneous SNR at the output of the switch at time 

t = nT.  The system operates as follows. Suppose that the switch is connected 

to Antenna l(Antenna 2), i.e., 7 ssc(^) — 7 i(^ )(7ssc(^) =  72 (^)). The switch will 

remain connected to Antenna 1 (Antenna 2 ) as long as the SNR on channel 1 (channel 

2) is above a predetermined threshold. If the SNR on channel 1 (channel 2) falls 

below the predetermined threshold, the system will switch to Antenna 2 (Antenna 1) 

regardless of the value of SNR on that branch. In mathematical terms, 7 ssc(^) can 

be written as [17, eq. (3)]

, . >£r 7ssc(n — 1) = 7 i f a -  1) li{n)>r]T  
7ssc(n) =  7 i(n) iff < (2.1a)

[ 7ssc(™ -  1) =  -  1) 72 (n) < r)T

lssc{n ) =  72('^)i as above with interchanging 71 and 72 (2 .1b)

where rjr is the switching threshold on either channel. Following the analysis in [16], 

the CDF of 7 ssc can be written as

Fissc(x ) = P r(^T < 71 < x ) +  P r(7i < X, 72 < Vt ) (2.2)

where we have dropped the dependence on n  for notational simplicity. Eq. (2.2) can 

be alternatively written as

T^sscO) =  ~  F j ( V t ) )  u ( x  -  rjr) +  Fmtya(x, pT) (2.3)

15
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where u(-) denotes the unit step function and F~,(-) = F~n (■) =  F12(-) and Fll rf2 (•, •) 

denote the marginal and the joint distributions of the RVs 71 and 72 , respectively.

2.3 Error R ate A nalysis

For a Rician faded environment, with fading parameter K,  one can show that F7(-) 

is given by

F7(x) =  1 -  Qi ( V 2 K ,  +  (2.4)

where Q i(-, •) is the first order Marcum-Q function and is defined as [18, eq. (4.11)]

/*°° /  _|_ q2 \
Qi(a,b) — J  xexp  f ------  — ) I0(ax)dx (2.5)

and where Iq(-) is the zero-order modified Bessel function of the first kind [19, Section 

8.43] given by

<*>

Following the procedure in [20, Section III.A], one can show that F7l^ 2(x, rjr) can 

be written as

K , i 2(x ,Vt ) = ( l  - Q71,72 ’IT) — J- ~  V I
2 pv 2(1 + K ) x
i - p y  7 ( ! -

l K \ r  4 K v  I ,7x exp ( — v  I Iq \ \ l  —— ] dv.
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Using [18, eq. (B.31)], (2.7) can be simplified as

i - « i  I •

2pv l2(l + K ) x \  (  [ 2 ^ T  l2(l + K)r]T \  (  U K v

x Q l { \ h - p ' y  7(1 - p ) 7 d - p ) j / o ( V  » /  '
(2 .8)

Substituting (2.4) and (2.8) in (2.3), we obtain a general expression for the CDF of 

7 ssc in correlated Rician fading as

F ^ c l x )  =  1 +  Q, L / 2 K , ^ 2(1 +_K)X j  (l*(x -  nr) -  1)

-  Q1 ( V 2 K ,  ^ / 2(1  )  («(x -  7r) +  1)
(2.9)

2.3.1 M oment Generating Function

The moment generating function (MGF) is calculated in this section. The MGF can 

be used in the calculation of the average SER as well as in the calculation of the 

moments of the predetection SSC output SNR. The MGF of predetection SSC can 

be obtained using
poo

$ssc(s) =  /  exp(sx)/7ssc(:r)Gte. (2.10)
Jo

To avoid calculating / 7ssc(-)> using integration by parts, we transform (2.10) into

PO O

$ ss c  (s) = s exp (sx)Flssc(x)dx. (2.11)
Jo
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Substituting (2.9) in (2.11), changing the order of integration where necessary and 

after many mathematical manipulations and integral evaluations we obtain a closed- 

form expression for the MGF of predetection SSC in correlated Rician fading as

$88C(5) = T1(A’,5,7)

x I 1 T  Qi
'2K(1 + K)  /2(s7 +  K  +  l)r]T
sy +  1 +  K  ’

-  Qx ( V T 2(tf ,s ,7 ) , V ^ ( K , s , 7 ) r i T)

7

where

r 2( K , s ^ )

T 3(^G-,7)

1 + K
exp

Ks^f
1 +  K  — sy ~"'x' \ 1  + K  — s7 / 

2K(1 + K  - s y ( l  - p ) ) 2 
(1 +  K  — s7 )(l +  K  — s7 (l — p2)) 
2(1 +  K ) ( l  + K  — 5 7 )
7(1 +  K  -  57(1 -  p2)) ’

2.3.2 Mean Output SNR

The mean output SNR can be obtained from the MGF as

7ssc
ssc(s)

ds s= 0

Substituting (2.9) in (2.13), using

dQi  ( yfgi {x) ,  V ^ M )

x

dx

dgi (x)  lg2(x)

1 (  g i ( x ) + g 2(x)'-  e x p -----

dx

2

dg2(x)
dx

x d0 (V tfi 0*002 (®))
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and after some mathematical simplifications, we obtain the following expression for 

the mean output SNR in correlated Rician fading as

(K  + 1 )r]T '
7ssc =  7 +  exp —K  -

7
(1 - P ) 1 + K

(2.15a)

x h  ( y / T 4(K, 7 )?7t )  +  (1 -  p2)rjTI0 ^ T 4(K, 7 )777-) 

where Ji(-) is the first-order modified Bessel function of the first kind [19] and

T4(/f,7) = --N g+1>. (2.15b)
7

The optimum switching threshold, ??xSNR, maximizes the mean output SNR
d7ssccan now be obtained by finding the root of —  =  0. Unlike correlated or uncor­
d s

related Nakagami and Rayleigh fading where Vtsnr = 7> [14], one can show that the 

optimum switching threshold in correlated Rician fading is not equal to 7 . However, 

our numerical calculations have shown that the optimum switching threshold is close 

to 7 . For example, for K  = 5, p =  0.8 and 7  =  10 dB, ?7xSNr =  10-^5 (10.23 dB).

For p — 0 which corresponds to independent fading, (2.15a) reduces to

, T, (K  + l)r)T \  K-frjT 
7 ssc =  7  +  exp —K  -  -

7  /  \ V 1 +  K
(2.16)

x l x +rjTlo (^v Y4( ^ , 7 ) ^

which is equivalent to, but easier to compute than the expression given in [14, eq. 

(21 )]-

Interestingly note that unlike correlated Rician fading, for uncorrelated Rician 

fading, ?4 nr -  7 .
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2.3.3 Average SER

In a slow fading environment the average symbol error rate is usually computed by 

averaging the static SER, Ps(e|7 ) over the PDF of yssc- That is

P O O

Pe = Ps(e \ j) f lssc{j)dj .  (2.17)
Jo

In this section, we take a different approach to compute the average SER, which does 

not involve the computation of the PDF of yssc- Using integration by parts one can 

write (2.17) as
PO O

Ps = -  P's{e\ i )FiSScin)di- (su s)
Jo

where P'a{e|y) denotes the derivative of the static error rate. Alternatively, we can 

use a MGF-based approach [12] to calculate the average SER in fading channels. 

In the following we derive the average SER of various modulation techniques with 

dual-branch predetection SSC in correlated Rician fading.

1. For coherent BFSK and M -ary pulse amplitude modulation (MPAM) the static 

SER is given by [20, eq. (33)]

Pa{e\i) = aQ{^/py) (2.19)

where (a, b) — (1,2) for BPSK, (a, b) = (1,1) for coherent BFSK and (a, b) = 

(2(M — l ) /M ,  6 / (M 2 — 1)) for MPAM, and Q(-) is the area under the tail of 

the Gaussian PDF defined at [21, eq. (2-1-97)]. Substituting (2.19) in (2.18), 

the average SER is obtained as

(2-2o)

2. For 4-ary PSK, M-ary quadrature amplitude modulation (MQAM), minimum 

shift keying (MSK) and coherently detected binary differentially PSK (DPSK),

20
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the static SER is given in [20, eq. (39)] as

Ps(e|7 ) =  aQ(Vb^) -  cQ2(\ /bj) (2.21)

where (a,b,c) =  (2,2,1) for 4PSK or MSK, (a,b,c) =  (2,2,2) for coherently 

detected DPSK and (a,b,c) =  (--^ j r 1) , ) for MQAM. Substi­

tuting (2.21) in (2.18), we obtain the average SER as

=  7 f eXP( “ H  ( i - c<? ( v P ) ) ^ s s c ( 7 ) d 7  (2.22)

3. For ^-quadrature differential PSK (QDPSK) and noncoherent correlated BFSK, 

the static SER is given in [20, eq. (41)] as

P M l )  =  V t )  -  ie x p  ( - h h t h h )  /„ (a47) (2,23)

where (a,b) =  ( \ / 2 — y/2, y/2 + y/2) and (a, b) = (y /t - v P ^  ̂ ĵ bz^l±M) for 

|-D Q PSK  and noncoherent correlated BFSK, respectively and where A is the 

correlation between the binary signals in noncoherent correlated BFSK. Using 

(2.23) in (2.18), the average SER in this case can be evaluated using

P .  = j T e x P ( J ^  + ^ T )  k ( a l >7)F ,ssc(7 )d7  (2.24)

4. For noncoherent MFSK, using the moment generating function method, one 

can obtain a closed-form expression for the average SER as

M - 1 / _ ■ , \ n+ i  / M - l \

p s = J 2  -  n } r 1( K , p ( n ) ^ )  
n + 1

(  I 2K(1 + K) l2((3(n)j + K  + l)VT\  OK,
X [ Q' [ \ j  p ( n ) j + l  + K ’ ] l -------- ?-------- )  (2'25)

-  Q x ( V T  2(K,p(n) , j ) , V T a (K,p(n) , j )VT) +  1 j
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where (3(n) =  —n/(n  +  1). For M  — 2, which corresponds to BFSK (2.25) 

reduces to

7)

4K( 1 +  K)  ( i  +  2 K  +  2)nT ,
X ( 1 +  ^ { \ l T + 2  +  2 K ’ V  ^ -----------) (2-26)

-<3i | i)nr

which is much simpler to compute than [17, eq. (18)], which requires triple 

integration.

It is clear that the average SER of any modulation format with predetection SSC is a

function of the switching threshold. In general, the optimum switching threshold that

minimizes the average SER will be different from the optimum switching threshold

that maximizes SNR. An optimum switching threshold that minimizes the average
dPs

SER can be obtained by finding the root of — - =  0. For example, for MFSK the
dr)T

optimum switching threshold is the root of

z .  T i, n + 1n—1

T /  'V' ''V* \2 __  (  *2 T3?7t  \
2 e x p v 2 2 ;

x exp

/3(n) 7  + K  + 1 
7

K ( K  +  1) (/3(n)7  + K + l ) r j T
=  0

P(n ) l  +  K  + 1 7

which was obtained by differentiating (2.25) with respect to r}T. Note that for nota- 

tional simplicity we have removed the dependence of Tj on and 7 .
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2.3.4 Outage Probability

The outage probability is the probability that the output instantaneous SNR, 7 ssc> 

falls below a given threshold 7 th and is given by

Pout =  Pr(0 < 7 ssc < 7 th) P'yssc (7 th)- (2.28)

where Eyssc(i]th) was obtained in (2.9). It follows from (2.3) that the value of switching 

threshold, t , for which the outage probability attains its optimum (minimum) 

value is r)rout =  yth [14]. Thus, the optimum outage probability is given by

Pout = F71,72 (7th, 7 th) (2.29)

which is equal to the outage probability of classical SC.

2.4 N um erical E xam ples

In this section, we give some numerical examples. In Fig. 2.1, the average SER of

noncoherent QFSK with. SSC and classical SC is plotted as a function of the average

SNR per symbol per branch for several values of p and for K  =  5. For SSC, we have 

used (2.25) to plot the analytical curves in Fig. 2.1 where for each value of SNR, 

the optimum switching thresholds the minimize the average SER have been used. 

These optimum switching thresholds have been calculated by obtaining the roots of 

(2.27) numerically. Note that there is excellent agreement between our theoretical 

results and simulations. Also plotted in Fig. 2.1, is the average SER of QFSK with 

classical SC in correlated Rician fading. As expected, the average SER of classical SC 

is always less than the average SER of predetection SSC and the SNR gap between 

predetection SSC and classical SC does not change significantly with p.
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In Fig. 2.2, the optimum switching thresholds that minimize the average SER of 

QFSK are plotted as a function of the average SNR per symbol per branch for several 

values of K  and for p =  0.4. Fig. 2.2 shows that the optimum switching threshold 

increases as the channel is less faded. Fig. 2.2 also shows that for a given K,  the 

optimum switching threshold increases as the average SNR on the branches increase.

In Fig. 2.3, the optimum switching thresholds that minimize the average SER 

of QFSK are plotted as a function of the average SNR per symbol per branch for 

several values of p and for K  = 2 and K  — 10. Fig. 2.3 shows that for a fixed K , the 

optimum switching threshold decreases as correlation increases.

In Fig. 2.4, the average SER of QFSK is plotted as a function of the switching 

threshold for several values of p for 7  =  5,10 and 15 dB. Fig. 2.4 shows that as 

correlation increases, and for a given 7, the average SER becomes less sensitive to 

the switching threshold.

Finally, in Fig. 2.5, the optimum outage probability of SSC is plotted as a function 

of normalized SNR (7^1/ 7 ) for several values of K  and p. As expected, the outage 

probability decreases as p decreases or K  increases.
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Figure 2.1: The average SER of QFSK as a function of the average SNR per symbol 

per branch in correlated Rician fading for K  = 5 and p — 0.2,0.4 and 0.8. The 

optimum switching threshold values that minimize the SER are used to plot the 

curves.
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Figure 2.2: The optimum switching threshold of QFSK as a function of the average 

SNR per symbol per branch for p =  0.4 and K  — 0, 3, 6  and 9.
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Figure 2.3: The optimum switching threshold of QFSK as a function of the average 

SNR per symbol per branch for p =  0, 0.3,0.6 and 0.8 and for K  — 2 and 10.
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and 7.
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2.5 C onclusion

The performance of dual-branch predetection SSC in correlated Rician fading was 

studied. Analytical expressions for the average SER were derived for a number of 

modulation formats of practical interest. Analytical expressions were also derived for 

the output average SNR and outage probability of dual-branch predetection SSC in 

correlated Rician fading. As a practical example, the effects of correlation, fading 

parameter and switching threshold on the performance of QFSK were demonstrated. 

It was shown that for large correlation, as the average SNR decreases, the average 

SER becomes less sensitive to the switching threshold.
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Chapter 3

Performance of Postdetection  

Switch-and-St ay Combining Schemes in 

Correlated Rayleigh and Rician Fading

In the previous chapter, we studied the performance of predetection SSC system 

in correlated Rician fading, In this chapter, we study the performance of binary 

frequency-shift keying (BFSK) and M -ary frequency shift keying (MFSK) with dual­

branch postdetection switch-and-stay combining (SSC) in correlated Rayleigh and 

Rician fading.

Although the performance of predetection SSC is well studied both in independent 

as well as correlated fading channels [14]- [17], [22]- [26], to the best of the author’s 

knowledge, the performance of postdetection SSC receivers has only been studied in 

independent fading channels [13], [27]- [29]. In practice, however, the assumption of 

independence among the diversity branches may not be accurate particularly if the 

antennas are placed closely as in many portable communication devices.

In this chapter, two postdetection SSC receivers are studied. We refer to these
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receivers as postdetection SSC Model 1 and postdetection SSC Model 2. The perfor­

mances of binary frequency shift keying (BFSK) and M -ary frequency shift keying 

(MFSK) with postdetection SSC Model 1 and Model 2 are analyzed in both corre­

lated Rayleigh and Rician fading channels. In the Rayleigh fading scenario we also 

consider the case where the average fading powers are not necessarily equal. Closed- 

form expressions are derived for the average BER of noncoherent BFSK and MFSK 

with Postdetection SSC Model 1 and Model 2 in Rayleigh and Rician fading chan­

nels. The validity of our analytical expressions are tested using extensive Monte Carlo 

simulation results. Using these analytical expressions, optimum switching thresholds 

that minimize the average BER are obtained. The performances of postdetection 

SSC Model 1 and Model 2 are compared to the performance of predetection SSC.

The remainder of this chapter is organized as follows. In Section 3.1, the structure 

of postdetection SSC Model 1 is given and the performance using BFSK in this 

receiver structure is analyzed in correlated Rayleigh and Rician fading channels. In 

Section 3.2, we analyze the performance of MFSK with postdetection SSC Model 

2 in correlated Rayleigh and Rician fading channels. Some numerical examples are 

given in Section 3.3 and the performances of postdetection SSC Model 1 and Model 2 

are compared to the performance of predetection SSC in correlated fading channels. 

Finally, some conclusions are given in Section 3.4.

3.1 P ostd etection  SSC M odel 1

3.1.1 System  M odel

The signaling transmission is assumed to be BFSK over a slow, flat fading channel. 

The equiprobable binary symbols zero and one are transm itted around the carrier
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Figure 3.1: The block diagram of postdetection SSC receiver Model 1 (after [10, Fig.

In ­

frequencies / i  and f 2, respectively, with energy Eb.

A block diagram of a BFSK system with dual-branch postdetection SSC is given 

in Fig. 3.1 (after [13, Fig. 1]). Noricoherent modulation is employed on each diversity 

branch consisting of two bandpass filters, one tuned to frequency f \  and the other to 

frequency f 2 followed by square-law detectors [13]. Let Wlk(n), i. k — 1,2 denote the 

output of the jth  square-law detector on the ith branch in the nth symboling interval. 

The receiver computes the decision variables W\ =  W\\ — W\2 and W2 =  W2i — W22 

which are also the inputs to the switch. If the switch is connected to Wi and Wt > 0, 

the receiver selects the binary symbol corresponding to frequency f \ ,  otherwise the
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symbol corresponding to frequency / 2 is selected.

Let wTl and wT2 denote the switching thresholds on channel 1 and channel 2, 

respectively. In mathematical terms the operation of the switch can be written as [13, 

eqs. (l)-(2 )]

W (n  — 1) =  Wi(n  — 1) and | W i( n ) \> w Ti, i = 1 ,2

orW(n) = Wi(n) = if

W{n  -  1) =  Wj(n -  1) and |Wj(n)| <  wTv i = 1,2
(3.1)

where i denotes the 2 ’s complement of i.

3.1.2 Average BER Analysis

Following the analysis in [13], the average BER of noncoherent BFSK with dual- 

branch postdetection SSC can be written as [13, eq. (7)]

Pb(E) = p\Fwx{—wTx) +  P2Fw2{—wt2)

+ Pi {Fwi,Wi {wti , 0) — Fwi,w2(~ wTi, 0)) (3.2a)

+  P 2 ( 7 ?h / i ,w 2 ( 0 ,  wt2) ~  FWltW2(Q, —wt2)) 

where FWltW2(-,-) denotes the joint cumulative distribution function (CDF) of the 

random variables (RVs) W\ and W2, Fw.t is the marginal CDF of the RV Wi, i — 1,2 

and pi and P2 are defined as [13, eq. (13)]

Pl =  . .......  (3 .2 b )
F\W\ | (^Ti) +  F\w2\(wt2)

n  =  (3.2c)
F\Wi \{WTi ) + F\w2\{wT2)

In the case of identically distributed branches, Fwi(')  =  FW2{.) =  Fw('), wti =  

wt2 — wt ,  Pi =  P2 — 1/2 and (3.2a) can be further simplified to

Pb{E) = Fw ( -W t ) +  (Fw1iw2(wt , 0) — Fwltw2(—wT, 0 )). (3.3)
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Assume, without loss of generality, that the symbol corresponding to frequency 

/ i  is transmitted. Then the RVs W\  and W2 can be written as [13]

Wx = W n  ~  W 12 =  \2EbGi + N n \2 -  \N12\2 (3.4)

W2 =  W 21 -  W22 =  |2E bG2 + N21|2 -  \N22\2 (3.5)

where E b is the energy per bit per symbol, N ik, i, k =  1, 2 are independent and iden­

tically distributed (i.i.d) zero-mean Gaussian random variables (RVs) with variance 

4EbN0 and G\  and G2 denote the complex channel gains on channel 1 and channel 2, 

respectively. We assume that the average fading powers, Oj =  E[\Gi\2], i =  1,2, are 

not necessarily equal, i.e., they are non-identically distributed. We further assume 

that the channel gains are correlated and we denote the fading correlation between 

Gi  and G2 as p.

To proceed, we need to calculate the joint CDF of W\ and W2 and the marginal

CDFs. To calculate the joint CDF of W\  and W2, we transform W\  and W 2 into

conditionally independent RVs so that their conditional joint CDF can be written 

as the product of the conditional marginal CDFs [20], [30] and subsequently the 

joint CDF is obtained by removing the conditioning. Assume that W\ and W2 are 

conditionally independent given a positive RV Z. Then, their joint CDF can be 

calculated as

poo

Fwx,w2{w 1, ^ 2) =  /  FWl\z{wi)FW2\z{w2)fz{z)dz.  (3.6)
Jo

3.1.2.1 Rayleigh Fading

To begin our analysis, we write Gi, i =  1,2 as

G i  =  \ / f 2 i ( \ / 1 — p X i  +  y f p X 0 +  j ( y / l  — p Y {  +  y/pYo)) (3-7)
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where j  =  \ / —1 and X* and F  are independent zero-mean Gaussian RVs with vari­

ance The definitions given in (3.7) guarantee that G\ and G2 are Rayleigh dis­

tributed with E[\Gi\2} =  Oj i =  1,2. Furthermore, one can easily show that the 

cross-correlation between G\ and G 2 is equal to p. Note that the power correlation, 

pv, is equal to the square of the fading gain correlation, i.e., pn =  p2 [31].

Using (3.7), we can write W n  defined in (3.4) as

W n  =  (2 +  y/pX  0) +  N ^ ) 2 + (2 E h ^ h i ^ / l ^ p Y ,  +  y/pY0) +  iV® )2

(3.8)

where N(x and N xl are zero-mean Gaussian RVs with variance 2E^Nq. Similarly W 21 

can be written as

W 21 =  I2E,, v/ f W  v 'T ^ 7 ,A ',  i- ^ , X „  ) I- .Y ' f  I ( 2 f i , v / S W  , / T ^ 7 a ' 2  -I- ) 2 .

(3.9)

Let X2(a, a 2) denote a non-central chi-squared RV with non-centrality parameter 

a2 and assume that X 0 and Y0 are fixed. Then W n  is a non-central chi-squared 

RV with two degrees of freedom with non-centrality parameter a2 = AE2VtipZ and 

<j2 =  2£^6Vo(1 +  7 i (1 — p)), where 7 ; =  EbQi/No is the average SNR on the ith channel 

and

Z  = X 2 + Y 2. (3.10)

Similarly, one can show that W 21 is a non-central chi-squared RV with non­

centrality parameter a\ =  4E2Q,2pZ and o\  =  2Ef,No(l +  72(1 — p)). Noting that 

W \2  and IT22 are independent central chi-squared RVs with two degrees of freedom 

and parameter 2Ef,N0, one can see that the RVs W\ and W 2 are now conditionally 

independent given Z. Furthermore, W ijZ  and W 2 IZ axe the difference between a 

non-central and a central chi-squared RV. Therefore using [13, eq. (51)] and after
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some mathematical manipulations and simplifications, their CDFs can be written as

Pi z) exp ( 4̂ )  , w < 0

1
Fwi\z(w)

+YX(7 i ,  Pi z)  e x p  ( 4^ )  x

(3.11a)

where

= 5 T a ^ exp( “ 2 r f ^ )  (3-Ub)

=  (1 +  ( 1 - P ) 7 )  (3'UC)

=  (l + ( l - r t 7 X 2  + ( 1 - 0 ) 7 )  <3'Ud)

=  I + T w l ?  <3-l le )

The unconditional CDF of Wi can now be calculated by integrating Fw.\z {w) over 

the probability density function of Z given by

f z (z) =  exp(-z), z > 0. (3.12)

The result, after some algebra, is

^ l M J ^ eXP( ^ ) '   ̂ " < 0  (3.13)

{ r o > 0  
which, as expected, is equal to [13, eq. 17] and [13, eq. 18] for i — 1 and i = 2,

respectively.

To obtain the average BER, we now calculate the terms in (3.2a). We begin by 

evaluating pi and p2 defined in (3.2b) and (3.2c), respectively. Substituting (3.13) in 

(3.2b) and (3.2c) and noting that F\Wi\(wTi) = FWi(wTi) — FVf(—% .), results in

pi -  T l .  , (3.i4)
F q (7 1 1  Vti  )  +  F q ( 7 2 ,  Vti )

p2 =  t  1 - 1 <3-15>F q ( 7 1  i Vt J  +  F q ( 7 2 ,  r}r2 )
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where r)Ti = wTi/(QiE%) is the normalized switching threshold on the ith channel and 

Eo(x, y) is defined as

M * , y )  =  1 -  iifexp  ( - ^ )  . (3.16)

Next, substituting (3.11) in (3.6), using [18, eq. (B.18)], and after some mathe­

matical manipulation and integral evaluations, we obtain closed-form expressions for 

Fw!,w2(wTi ,0) and Fw1,w2(—wrl , 0) as

1 ( ( w t i^i (7 i ,72,p )'
FWuW2(wTi , 0) =  2 + ^  ( 1 “  exp (  

+  •^2(71 ,72, p) exp
wTlFi{ l i ,  721p)

AE^Nq 

and

(3.17)

F w ,,w, ( - ™ t „ 0 )  =  ^ 2 (7 1 . 7 2 , p ) e x p  ( ~ 4 ™ ^ )  (3.18)

respectively, where F\{x, y, z ) and ^ { x ,  y, z) are defined as

^ ( w )  =  x y ( l - ^ L  +  j/ +  2 (3' 19)

T A X ' V' Z) “  (2 +  (1 - , ) » ) 1(2 + ( !  +  »)»)• (3 '20)

Similarly, we can derive analytical expressions for Fwlyw2{Q, w t 2 )  and Fwuw2(0, —wT,2)

as

Fwuw2{Q,™t2) =  ~2 ^ -  exp 

+  •^2 (7 1 1 7 2 , p) exp

1 ( ,   (  ^ 2^ 1(72 , 7iiP)
AE^Nq

WT2F l ( l l , l2 ,  p)'
(3.21)

AE^Nq

and

^Vi,iv2(0 ,- w t 2 )  —  ^ 2 ( 7 2 ,  7 i >p )  exp (3.22)

respectively. A closed-form expression can now be obtained for the average BER 

of BFSK with postdetection SSC in correlated Rayleigh fading with average fading
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power imbalance as

•^o(7ij V n )n ( E )  = ] T
^0(7 i, VTi) + Foiru mi)

2 +  7i exp ( - “ )  +  i b a  ( ' - exp <3-23)

+  ^ 2(7 0 71,p) ( e x p ( - ^ ^ ^ i ( 7 i ,7 | ,p ))  -  exp ( ~ ^ ~ ) )

where i =  (* +  1) mod 3, i.e., 1 =  2 and 2 =  1. For p =  0, one can show that (3.23) 

reduces to the result given in [13], as expected.

For the case of identical correlated fading, i.e., 71 =  72 =  7 , Vti =  Vt2 — Vt, 

Pi — P2 — 1/2 and (3.23) reduces to

Pb(E) =  ^ j 1 +  exP -  exP ( - ^ ^ i ( 7 , 7, P))

- ^ 2(7 , 7 ,p) (exp ( ~ ^ p )  “ exP 7, P )))  •

For p =  0 one can easily show that (3.24) reduces to [13, eq. (20)], as expected.

As a check on the validity of our results, we see that for both extremes pr =  0 and 

r\T =  0 0 , (3.24) reduces to the BER of a single-branch noncoherent BFSK receiver 

given by

a ( £ )  =  ? T +  P '25)2 +  7

The average BER in (3.24) can now be minimized by obtaining an optimal switch­

ing threshold, 77̂ , which is the solution to the equation [13]

dPb(E)
dpT V—Vt

0. (3.26)

Substituting (3.24) in (3.26), leads to the desired solution as

* =  4(q2(l — p2) +  37 +  2) ( 72(1 ~  P2) +  3q +  2\
(2 + 7(1 -  p2) ) t 2 (  2 +  7 )  { ’

The minimum BER can now be obtained by substituting (3.27) in (3.24).
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Figure 3.2: The average BER versus the normalized switching thresholds of noncoher­

ent BFSK with postdetection SSC Model 1 in non-identically distributed correlated 

Rayleigh fading with p =  0.7, 71 — 10 dB and 72 =  5.48 dB (5 — 0.6).

In the case of average fading power imbalance between the diversity paths, the 

average BER given in (3.23), is a function of rjtx and t)t2 and the expression has to be 

minimized with respect to both parameters to reach a global solution. For example, 

Fig. 3.2 shows the average BER of postdetection SSC Model 1 as a function of r]Tl 

and r}T2 f°r 7i =  10 dB and 72 =  5.48 dB where the average SNR on the second 

branch is related to the average SNR on the first branch as 72 =  71 exp(—5) where 

5 — 0.6 is the average decay factor. The optimum values of the normalized switching 

thresholds that minimize the average BER are shown in the figure.
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3.1.2.2 Rician Fading

In the case of Rician fading, the complex channel gains can be written as

Gi — \ / l  — pXi + y/pXo +  +  j ( y / 1 — pYi +  y/pYo +  ^2) (3.28)

where X{ and F, are zero-mean Gaussian RVs with variance a2 =  Vt/{2{K + 1)) and 

v\ and V2 correspond to the in-phase and quadrature component of the line of sight 

component and are related to the Rician factor K  through K  =  (u\ +  £/f)/(2cr2). 

Using the representation given in (3.28), one can show that the fading correlation 

between Gi  and G2 is equal to p and F [ | G ' j | 2] = Q,i = 1 , 2 . In addition, the power 

correlation between |G i |2 and |C?2|2 can be obtained as

2 K  + p
Pr] 2K  +  1

Define

Z = ( X 0 +  +  (F0 +  ^ = y .

(3.29)

(3.30)
\[p'  ' V p

Then assuming that Z  is fixed, one can show, similar to the derivation in the previous 

section and after some mathematical simplification, that the conditional CDF of 

Wi,i  =  1 ,2  given Z,  i.e., Fw.\z {w) can be written as

FWi\z(w) =  <

# 1(7 , K, p, z) exp ( 4̂ 0)  ,

1 - Q x (  ̂ H 2(7 h K,p ,z ) ,  J H 3( 7 , K, p)

w < 0

w
2EbN 0

+ # 1(7 , K , p, z) exp ( 4^ 0)  x 

Q 1 {y/Ht{r iu K , p , z ) ,  ^ H n( j , K , p )

(3.31a)

w
2EbNo

w > 0
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where

H i ( l ,K ,p , z )  

# 2(7 , ^ ,  p,z) 

Ha( i ,K ,p )  

H a { i , K,p, z ) 

H6( i ,K ,p )

1 + K exp
7 p(l +  K )z

2(1  +  K)  +  7 (1  -  p)2(1 + K) + 7 (1  — p)
2 7 p(l +  K )z  

1 +  K  +  7 (1  -  p)
 1

1 +  K  + 7 (1  -  p)
2 7 p(l +  K ) 2z 

(l + K  + i ( l - p ) ) ( 2 { l  + K)  + j ( l - p ) )  
2(1 + K) + 7 (1  — p)

(3.31b)

(3.31c)

(3.31d)

(3.31e)

(3.31f)
1 -\- K  7 (1  — p)

Similar to the approach taken in the previous section, using the PDF of Z, given

by

f z ( z )  =  (K  +  1) exp ( - J  -  (K  +  1)* ) Ia ( 2  ] (3 .3 2 )

and after much mathematical manipulations and integral evaluations, we obtain the 

BER of BFSK in correlated Rician fading as

Pb =  R ^ K , 7 ) (exp ( - ^ )  +  1 -  Q1 ^ R 2( K n ,p ) ,  p ) ) )

+ R 4( K , ;y,p) Qi ( V M K , 7 , p ) ,  \/r}TR(>(K,nf,p)') exp -  exp ( - ^ p )

(3.33a)
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where

R i{ K , i )  

R i { K ,  7) p) 

R z ( K , l , p )  

R t ( K , y , p )

1 +  K
exp

2(1 +  K)  +  7  2(1 +  K)  +  7 y
2K ;y(2(l + K)  + 7 (1  — p ) ) 2 

(2(1 +  K)  +  7 )(7 2(1 -  p 2 ) +  37(1 +  K)  +  2(1 +  i f ) 2)

7(1+  *0(2(1 +  1 0 + 7 )
2 (7 2(1 -  p 2 ) +  37(1 + K)  + 2(1  +  K ) 2)

(1 +  K f

(3.33b)

(3.33c)

(3.33d)

x exp

(2(1 +  K )  +  7(1  -  p)){2(1 +  K ) +  7(1 +  p)) 
2X 7

Rb{K,  7 , p) =

x

R6(AT,7 ,p) =

2(l +  *0  +  7 (l +  p),
21^7 (1  +  X )(2 (l +  *Q +  7 (1  — p)

(2(lf +  l ) + 7 ( l + p ) )
1

(72(1 -  p2) +  37(1 + K )  + 2(1 +  RT)2)
7(2(1 +  AT) +  7 (1  -  p))(2(l +  K)  +  7 (1  +  p))

(3.33e)

(3.33f)

(3.33g)
2(72(1 -  p2) +  37(1 +  K )  +  2(1 +  K ) 2)

As a check on the validity of our result one can show that for p =  0, (3.33) reduces 

to [13, eq. (9)], as expected. Also note that for K  = 0, which corresponds to Rayleigh 

fading, (3.33) reduces to (3.24).

The optimum switching threshold that minimizes the average BER can now be 

calculated by substituting (3.33) in (3.26) and obtaining Using [13, eq. (39)], we 

obtain

7. p ) V r  (  Ra{K,  7 , p) +  R3{K,  7 , p)rtr'
6 X p

( V t I+ exp

R i ( K , l ) y - j e x p  ( - ^ p )  +

x I0 ( y / R 2( K , i , p ) R 3(K,  7 , p)pT) j  +  Ra{K,  7 , p) 

x < j Q i  (^ jR*(.K,l ,p),  y/Re(K, 1, p)VtJ

7  /  pr 7 \
4 eXP( ~ — )

Re(K, j ,p)r jT

x exp
R5(K,  7 , p) +  Re(K,  7 , p)rjr

h  V Rs{K,  7, p)Re(K,  7 , p)pT =  0 

(3.34)

whose solution is the optimum switching threshold rpr .
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Figure 3.3: The block diagram of postdetection SSC receiver Model 2 (after [24, Fig. 

! ] ) ■

3.2 P ostd etection  SSC M odel 2

3.2.1 System  M odel

The modulation format is considered to be MFSK. The structure of the receiver is 

depicted in Fig. 3.3 (after [27, Fig. 1]). Let Wij(n), i — 1,2, j  — 1, • • • , M  denote the 

outputs of the M  square law detectors of the receiver at the sampling instant t = nTs, 

where Ts is the symboling time and where the subscript i in WZj denotes the diversity 

branch. The square-law detectors are matched to frequencies / i  through fu -  Assume
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that the first symbol of the alphabet is transmitted. Then Wij can be written as

where E s is the transmitted energy per symbol, G i and are the complex channel 

gains on channels 1 and 2 and Nik are zero-mean complex Gaussian RVs with variance 

4:ESN 0. Note that the definition of G{ is given in (3.7) and (3.28) for the cases 

of Rayleigh and Rician fading, respectively. The switching mechanism is based on 

comparison of the maximum of the square-law detector output on each branch with a 

predetermined threshold wTi. For example if the switch is connected to Antenna 1, it 

will stay connected to Antenna 1 as long as max W\k{n) > wtv If max IFu(n) < ieTl 

the system will switch to Antenna 2 regardless of whether max bF2fc (n ) is greater or less 

than the predetermined threshold wT2- Note that the difference between postdetection 

SSC Model 1 and postdetection SSC Model 2 is that in postdetection SSC Model 

1 a summing process occurs on the outputs of the square-law detectors before data 

detection, while in postdetection SSC Model 2 the outputs of the square-law detectors 

are directly used for data detection. Note also that BFSK signaling can be used with 

both postdetection SSC Model 1 and Model 2 whereas MFSK signaling can be used 

only with postdetection SSC Model 2 .

Wii(n) =  \2EaGi + Nn  |2

Wik(n) = \Nik\2,i = 1,2, k = 2,3, ••• , M

(3.35)

(3.36)
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3.2.2 Average Symbol Error R ate

Assume that the switch is connected to Antenna 1. Then the probability of a correct 

decision can be written as [27]

Psl(C) =  Pr (Wn (n) > wTl, W 12(n) < fFn(n),---  , W 1M(n) < W n {n))

+  Pr (W m3Xl(n) <  wTl,W 22(n) < W21(n), ■■■ , W2M(n) < W 21(n)) (3.37)

= Ph(C) + P ^ C )

where hPmaxi(n) =  m a x W lk,k  ■ 1 , ••• ,M . Noting that W ik,k  = 1 ,••• , M  are

independent and W\k, k — 2, • • • , M  are i.i.d, we can write P}} (C) as

poo

p si(c ) =  fw 11('w)[FWl2(w)}M~1dw. (3.38)
J WTi

Let Y  = max W2i, 1. Then, Pgi(C) can be written as

P l{C )  = [FWl2(wTl)]M~1Pv(W11 < wTl,W 21 > Y )
/■oo (3.39)

=  { Fw12(w Ti ) ]M~ 1[ F w u ( w Ti) -  /  F w Utw 2i { w T i , y ) f Y ( y ) d y ]
Jo

where Fwn ,w21(wi, w2) is the joint CDF of the RVs W n  and W 21, and fy(y)  is the 

PDF of the RV Y  defined earlier. Note that in obtaining the second equality in (3.39) 

we have used the total probability theorem. Now assume that the RVs W n  and IV2i 

are independent given RV Z  defined in the previous section in (3.10) and (3.30) for 

the cases of Rayleigh and Rician fading, respectively. Then (3.39) can be written as

PsiiC) = [FWl2{wTl)]M - 1

X

% „ K )  — (M — 1)

I  {/ Fw"\z (Wt^ Fw^  z{w ) fz {z )d z^ { F W22{w))M~2f W22{w )dw

(3.40)

where fy (w)  — (M  — l)(FW22(w))M~2f W22(w) has been used. Combining (3.38) and 

(3.40), the probability of correct decision assuming the switch is connected to Antenna
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1 becomes 

Pal
POO

(C) — /  f Wll(w)[FWl2(w)]M~1dw + [Fw12(wTi )]M 1
J U>T-y

Pwn (wTi) ~ (M — 1)

X Jo { ./, FWi,tz(™n)Fw „ lz (w ) f z ( z ) i z \  (Fw22(w))M 2f W22{w)dw

(3,41)

Similarly if the switch is connected to Antenna 2 , the probability of correct decision 

becomes

Pfs 2
POO

(C) =  / fw 2i(w)[FW22(w)]M ldw +  [Fw22(wt2)}M 1
J W t 2

Fw21(wt2) — (M  — 1)

x L  {Jo Fw21̂ WT̂ Fwu^ Ŵ z ^ dz]  F̂w^(w))M 2fw12{w)dw
(3.42)

Let pi denote the percentage of time that the switch is connected to Antenna i. Then, 

using a two-state Markov chain, similar to the one presented in [15], one can compute 

Pi  and P2 as

Fw21 (wt2 ) [Fw22 (w r2)]M-1
Pi

P2

F w 21( w t 2) [ F w 22( w T2)]m  1 +  F Wi1( w t 1) [ F w 12('Wt1)]m  1 
F w u  ( w Tl) [FWl2 ( w t i  )]m_1

(3.43)

(3.44)
F w 21{ w t 2) [ F w 22{ w t 2)\m~1 +  F Wi1( w t 1) [ F w 12( w t 1)\m ~ 1 

The probability of correct decision can now be obtained as PS(C) = piPsi{C) +  

P2 PS2 {C). Thus the SER can be computed as

Fwn (wTi) [Fwl2 (wt-)]™”1PS(E) = 1 -  PS(C) = 1 - 2
f  Fwn (wTi){Fwi2{wTi)]M 1 +  EWn (u;rj)[TWj2( ^ r J)]M 1

x (  I fwn(w)iFwi2(w)]M xdw + [FWi2(wTi)\i M - 1

'wTi
FwiX{wTi) -  (M  -  1)

x /
OO f  P O O  A

|  J  FWa\z(wTi)FW-n\z(w)fz(z)dz> (FWi2(w))M~2f Wi2{w)dw

(3.45)
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To proceed, one needs to obtain FWn\z('), Fwn (-), Fwi2(-) and fw i2(')- These CDFs 

and PDFs are obtained for the cases of Rayleigh and Rician fading below.

Note that the average BER can be obtained from the average SER using [21]

P>(E) = 2 U ^ P’(E)- (3 '46)

3.2.2.1 Rayleigh Fading

In this case, using (3.10) and similar to the approach in the previous section, one can 

show that FWil\z {-) is given by

F w „ |z(«0 1 Q i  | , 1 1 +  1)j  _  p ) , ] j 2E ,N 0(l + i , (  1 - p ) ) )  ' (347)

Integrating (3.47) over the PDF of Z  given in (3.10) we obtain PVa (-) as

(3,48)

The PDF of Wn  can be obtained from (3.48) by differentiation as

( - 4 ^ 1 + 7 . ) )  ' P '49)

The PDF and CDF of Wi2 can be calculated as

FWaH  = l ^ e x p C ^ )  (3.50)

and

(3 -51)
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respectively. A closed-form expression for the average SER of MFSK in unbalanced 

correlated Rayleigh fading is

p  ( e ) =  i  -  f  — - J —  I V ( M ~  r \  — t l ) L _
j i ; i + i ( i + 7 0

m-,% \  ^  ( M - I ) r y ) ( - 1 ) <
X

X 1 — exp

4(1 +  7t)/ ^  (* +  !)((»+ !)(! + OfJ +  l)

7i% («T ! +  Ti + i +  2)

4(7*7i(l -  P2)(i +  1) +  2(1 +  7.) +  (7i +  7i)(* +  1) +  * ~  7»)

(3.52a)

where t]Ti = wTl/(^kEf)  is the normalized switching threshold and

(3.52b)

The details of the derivation of (3.52) are given in Appendix A. The average 

BER can be obtained from the average SER using (3.46). Similar to postdetection 

SSC Model 1 , we obtain optimum switching thresholds 77̂  and rff2 that minimize the 

average BER. For example, in Fig. 3.4, the average BER of BFSK with postdetection 

SSC Model 2 with average fading power imbalance is plotted as a function of 77̂  and 

t]t2 for p = .5, 71 =  15 dB and 72 =  13.2 dB (5 =  0.4). The optimum switching 

thresholds that minimize the average BER are shown in the figure.

In the case of identically distributed branches, 71 =  72 =  7 , r/r, =  V t 2 =  V t  and
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Figure 3.4: The average BER of BFSK with postdetection SSC Model 2 in correlated 

Rayleigh fading with average fading power imbalance for p =  0.5, 71 =  15 dB and 

72 -  13.2 dB (6 = 0.4).

(3.52) reduces to 

PS(E) = 1 -
M—1 ( M  -  1 \ (-I)*  f  77^7(1 +  i( l  +  7))
^  '  i )  1 +  i(l  +  7 ) 6X̂i=0 4 ( 1 + 7 )

1 — exp "Tp")) |^1 - e x p

(m - i ) ( m - 2) ( —i y

(i +  1)((* +  1)(1  +  7 ) h  1) 

x 1 — exp ^ 7 w (iT  +  7  +  i +  2)

Vt 'Y
4(1 +  7 )

4 (7 2(1 -  p2)(i +  1) +  2(1 +  7 ) +  27(2 +  1)) 

50
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Substituting (3.53) in (3.26) one obtains

?7r7i(l + i(l + 7i))\ , 7/'M -  1\ (-l)‘+'7
S I  i J w ? r exp
x

X

+

1 — exp

- < - ? ) )
M —2

1 — exp

4(1 +  7i)

/  ?7r7i

■ ( rW \+  — exp I  I
4

M —2

- E tj

4 /

(M  — 1)(M“2) ( —1)*

4(1 +  7*)/ "  (* +  !)((* +  !)(! + 7<) +  !)

iM r i i i i  +  7* +  * +  2)
4(7i2(l -  p2)(i +  1) +  2(1  +  7i) +  27i(« +  1))_ 

M —1 7 exp rjT 7
4(1 +  7 ) V 4(1 +  7 )

(M — 1)(M~2) (—1)*7M —2

^  4(i +  1)(72(1 -  P2)(* +  1) +  2(1 +  7 ) +  27(4 +  1)) 

7t?t(*7 +  7 +  * +  2)x exp
4(72(1 -  p2)(i +  1) +  2(1 +  7 ) +  27(4 +  1))_

=  0

(3.54)

whose solution is the optimum switching threshold p? and can be easily obtained 

using the bisection method.

3.2.2.2 Rician Fading

For Rician fading, using (3.32), i7wil|^(-) can be written as

F w n \ z ( w )  =  1 “  Q l
27 i/o(l +  K )z (1 +  K)w

. (3.55)
1 +  K  +  7,(1 -  p) ’ y  2ESN0{1 + K  + 7 i(l -  p))^

Next we calculate FWil(-) by integrating (3.55) over the PDF of Z  given in (3.32). 

The result is

Fwn (w) — 1 -  Qi
2K'y w (K  +  1)

7  +  K  +  1 ’ y 2 £ sNo(7 +  K  +  1)

The PDF of Wn can be obtained from (3.56) as

K  + l (  ( K + l ) w  K*i

(3.56)

fwn (w) = exp
4 £ sjV0(7 +  K  +  1)

T , j K p { K  +  1 )w 
XI o{  x l Y sN 0(*f + K  + i y

4£’5N0(7 + K  + 1) 7  +  iF +  l
(3.57)
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Now substituting (3.50), (3.51) and (3.55)-(3.57) in (3.45), using [18, eqs. (B.27) 

and (B.31)], and after much mathematical manipulations and integral evaluations 

similar to the procedure in the appendix, the average SER of MFSK with identically 

correlated Rician fading is obtained as

M - l

- i r(Mt
‘ '  M - l

i= 0

x Qx
2 i f ( i f +  1)7 r)Tl T Q{K, 7 , i)

(7 +  Ar +  i ) r 0(Ar,7,i)’ V 2 (7  +  i f  +  i)

X < 1 -  Qi
2K 7 7 rjr(K + 1) M - 2

X

X

i f +  1

7 +  i f + l ’ Y 2( j  + K  + l) 

K y( i  +  1)

(M  -  1) £
i= 0

M  — 2

(i + l)Ti(K,*f,i)

l ~  Qi

— tt exp
T\{K,  7 , i)

where

2K^(T2(K, 7 , i, p)Y h v A l  +  K)Ti(K ,  7 , i)
Tx{ K n , i ) T z{ K ^ i , Py 2T3(R ',7 ,«,p)

( - 1)*

(3.58a)

T0(K, 7 , i) =  ( if  +  l)(i +  1) + 2 7

Ti(K,  7 , i) =  ( i f +  l)(« +  2) +  7 (z +  l)

T2( K , j , i , p ) =  ( if  +  l)(i +  2) + 7 (i +  1)(1 -  p)

^3 (if, 7> *> P) =  ( if  +  l ) 2(i +  2) +  2z7(if +  l)
+  37(if +  1) +  7 2 (1  -  p2)(l +  i).

(3.58b)

(3.58c)

(3.58d)

(3.58e)

As a check on our result, one can show that for p — 0, (3.58a) reduces to [29, eq. 

(17)], as expected.

Substituting (3.58a) in (3.26) and using the identity

Q(a, b, z) =  j-Qj,  (Aa,  Vbz^j -  exp I0 (VabTj  (3.59)
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a transcendental equation whose solution is the optimum switching threshold is ob­

tained as

Ki'y
2 ^  —  exP
i =0

x Q

To(K,i , i )  

2 K (K  + 1)^

T0(K,%i)

i ^  + K  + l)T0( K n , i Y 2 ( j  + K  + l)
\  (M  - 1 )7  ( px7

, Vt ) +    z exp

2X 7 7 rfr(K +  1)

M - 2

i= 0

7  +  K  +  1 ’ y 2 (7  +  K  +  1)

.fCy(i +  1)
■Ti(ff,7,0

x 1 - Q 1
2K^(T2(K, 7 , i, p) ) 2 H v t (1 + K)T\(K ,  7 , i)

Tx{ K , % i ) T ^ K ^ Py

+  ( l  -  exP ( '
Vt I M - l i ( K  + i) 

4 (7  +  x  + 1)
exp

2T3( K, 7 , i ,p)

# 7  

7  +  K  +  1

 _ . { K  +  1)7 P t \  r (  I K ( K  +  1) ^ t
x exp ( 4f~ , ts . i t  J o4(7 +  i f  +  l ) y

( w - u E ^ r 2) ^

I (7  +  K  +  1)2 

K  +  l

(i +  l ) ^ ^ , * )

x exp ^  +  1)A ^  2 ^7 (T 2( ^ 7 , b p ) ) 2 7 ( 1 +  ^ ( ^ , 7 ,*) N
-c I , T;   ;.......—r> .—7---- ,Vt

T\(K,  7 , i) J \T i (K ,  7 , i)T3(K, 7 , b p) ’ 2T3(K,  7 , i, p)

The solution to (3.60) can be obtained using the bisection method.

=  0 . 

(3.60)

3.3 N um erical E xam ples and D iscussion

In this section, we present some numerical examples. Monte Carlo simulation results 

are also presented to test the validity of our analytical results obtained in Sections

3.1 and 3.2.

The average BER of dual-diversity BFSK in correlated Rician fading is plotted as
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a function of the normalized switching threshold in Figs. 3.5 and 3.6 for postdetec­

tion SSC Model 1 and postdetection SSC Model 2, respectively, for several values of 

average SNR and correlation factor. The optimum normalized switching thresholds 

for each average SNR and correlation factor are given in the figures. Figs. 3.5 and 3.6 

show that for a fixed value of correlation as the average SNR increases the optimum 

switching threshold decreases. Also note that as correlation increases, and for a fixed 

value of average SNR, the optimum switching threshold decreases. Comparing Figs. 

3.5 and 3.6 we see that the optimum switching threshold for postdetection SSC Model 

1 is smaller than the optimum switching thresholds for postdetection SSC Model 2, 

implying that postdetection SSC Model 1 switches more often than postdetection 

SSC Model 2. Figs. 3.5 and 3.6 also show that the average BER changes significantly 

with a small change in the optimum switching threshold for large values of average 

SNR.

Fig. 3.7 shows the effect of modulation order, M,  on the optimum switching 

threshold of MFSK with postdetection SSC Model 2 in correlated Rician fading for 

K  =  5 and p — 0.6. Note that as the modulation order increases the optimum 

switching threshold decreases.

In Fig. 3.8, the performance of quaternary FSK (QFSK) with postdetection SSC 

Model 2 is compared to the performance of QFSK in predetection SSC for several 

values of fading parameter K  where it can be seen that the performance gap of post­

detection SSC Model 2 over predetection SSC increases as the channel becomes less 

faded. The effect of correlation on the performance of postdetection SSC Model 2 and 

predetection SSC is shown in Fig. 3.9 for QFSK. Fig. 3.9 indicates that the perfor­

mance gap between postdetection SSC Model 2 and predetection SSC decreases as the 

correlation increases. For predetection SSC, we have used the analytical expression
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given in [32] to plot the curves in Fig. 3.8

Fig. 3.10 shows the average BER of MFSK with postdetection SSC Model 2 and 

predetection SSC for several values of M  in correlated Rician fading with K  — 5, 

p =  0.6 and for several values of M.  Fig. 3.10 shows that the performance gap 

between the two diversity receivers remains almost constant as the modulation order 

increases.

To compare the performances of postdetection SSC Model 1 with postdetection 

SSC Model 2 and predetection SSC, we have plotted in Fig. 3.11 the average BER 

of BFSK in correlated Rician fading for several values of correlation. Fig. 3.11 

shows that the BER of postdetection SSC Model 1 is superior to the performance of 

postdetection SSC Model 2 and predetection SSC in all cases. Fig. 3.11 also indicates 

that as correlation increases the performance gap between postdetection SSC Model 

1 and postdetection SSC Model 2 decreases. For example, at an average BER of 10-4  

the SNR gap between postdetection SSC Model 1 and postdetection SSC Model 2 is 

0.79 dB, 0.50 dB and .45 dB for p =  0, p = 0.4 and p = 0.8, respectively.

Finally Fig. 3.12 studies the effects of average fading power imbalance on the 

performance of postdetection SSC Model 1 and 2 in correlated Rayleigh fading. In 

Fig. 3.12 the BER of BFSK is plotted as a function of the average SNR of the first 

branch for several values of p. The average SNR on the second branch is related to 

the first branch as 72 =  71 exp(—8) where 8 — 0.5. Comparing Fig. 3.12 with Fig. 

3.11 shows that the gap between postdetection SSC Model 1 and Model 2 decreases 

when there is average fading power imbalance between the branches.
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Figure 3.5: The average BER of BFSK with postdetection SSC Model 1 as a function 

of switching threshold in correlated Rician fading for 7  =  10 dB, 15 dB and 25 dB 

and p = 0,0.4 and 0.8.
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Figure 3.6: The average BER of BFSK with postdetection SSC Model 2 as a function 

of switching threshold in correlated Rician fading for 7  =  10 dB, 15 dB and 25 dB 

and p = 0,0.4 and 0.8.
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Figure 3.7: The average BER of MFSK with postdetection SSC Model 2 as a function 

of switching threshold in correlated Rician fading with p = 0.6 and K  — 5 for 

M  = 2,4, 8,16 and 32.
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Figure 3.8: The average BER of QFSK with postdetection SSC Model 2 and pre­

detection SSC as a function of the average SNR per bit per branch in identically 

distributed correlated Rician fading with p =  0.5 and K  =  0, 3, 6 and 10.
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Figure 3.9: The average BER of QFSK with postdetection SSC Model 2 and pre­

detection SSC as a function of the average SNR per bit per branch in identically 

distributed correlated Rician fading branches with K  =  5 for several values of corre­

lation p =  0,0.3, 0.5 and 0.8.
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Figure 3.10: The average BER of MFSK with postdetection SSC Model 2 and pre­

detection SSC as a function of the average SNR per bit per branch in identically 

distributed correlated Rician fading branches with K  =  5 and p =  0.6 for M  = 4,16 

and 64.
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Figure 3.11: The average BER of BFSK with postdetection SSC Model 1 and 2 

and predetection SSC as a function of average SNR per bit per branch in identically 

distributed correlated Rician fading with K  =  5 for p =  0, 0.4 and 0.8.
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Figure 3.12: Comparison of postdetection SSC Model 1 and Model 2 in correlated 

Rayleigh fading with average fading power imbalance for several values of p.
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3.4 C onclusion

In this chapter, the performances of two postdetection SSC receivers in correlated 

Rayleigh and Rician fading channels were studied. Closed-form expressions for the 

average BER of BFSK and MFSK with postdetection SSC Model 1 and Model 2 were 

derived. Optimum switching thresholds that minimize the probability of error were 

obtained. The effects of correlation, switching threshold and average fading power im­

balance on the performance of postdetection SSC were examined. The performances 

of postdetection SSC Model 1 and Model 2 were compared with the performance 

of predetection SSC and it was shown that similar to the case of independent dual­

diversity branches, postdetection SSC outperforms predetection SSC in correlated 

fading for all values of SNR. Our results indicate the the performance gain of post­

detection SSC Model 1 over postdetection SSC Model 2 in Rayleigh fading decreases 

when the average fading power on the branches is not balanced.
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Chapter 4 

Performance of S  + N  Selection Combining 

Receivers in Independent Nakagami and 

Rician Fading

In this chapter, we study the performances of S  + N  SC receivers in independent 

Nakagami and Rician fading channels. Some previous studies related to S  + N  SC 

employing noncoherent MFSK are as follows. In [33], the authors analyzed the per­

formance of noncoherent MFSK with S  + N  SC in independent and identically dis­

tributed (i.i.d) Rayleigh fading. In [7], two new S  + N  SC models were presented and 

the performance of noncoherent BFSK was obtained for the case of i.i.d. Rayleigh 

fading channels. A comparison of various selection combining schemes for noncoher­

ent BFSK operating on independent and non-identically distributed (i.n.d) Rayleigh 

fading channels was given in [34].

In this chapter, we consider two S  + N  receiver models which we refer to as S' +  N  

SC Model 1 and S  + N  SC Model 2 . We analyze the performance of noncoherent 

MFSK and the performance of noncoherent BFSK with L  branch diversity with S  +  

N  SC models 1 and 2 , respectively. We assume that the diversity branches are
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independent but not necessarily identically distributed (i.n.d). Analytical expressions 

are derived for the average BER and average SER of noncoherent MFSK in Rician 

and Nakagami-ra fading with S  + N  SC and classical SC in the form of single integrals 

with finite integration limits. Extensive Monte Carlo simulation results are presented 

to validate our analytical expressions.

The remainder of this chapter is organized as follows. In Section 4.1, the structure 

of the S  + N  SC Model 1 is presented and the performance of noncoherent MFSK 

with S  + N  SC Model 1 in i.n.d Rician, Nakagami and Rayleigh fading channels is 

obtained. In Section 4.2, the performance of S  +  TV SC Model 2 with noncoherent 

BFSK is analyzed in i.n.d fading channels. Section 4.3 reviews the performance of 

noncoherent MFSK with classical SC in i.n.d Rician, Nakagami and Rayleigh fading 

channels. Numerical examples, comparing the performances of S  +  N  SC receivers 

with classical SC, are presented in Section 4.4. Finally, some conclusions are given in 

Section 4.5.

4.1 Perform ance o f S  +  N  SC R eceiver M odel 1

The receiver structure is depicted in Fig. 4.1. We assume that the fading process is 

slow and frequency nonselective and the diversity branches are i.n.d. Furthermore, 

we assume that the signals are equiprobable with the same energy Es. An optimum 

receiver for each diversity reception is implemented in the format of a matched filter 

followed by a square-law envelope detector.

Let X im, m  = 1, ■ ■ ■ , M, i =  1, • • • , L denote the output of the square-law detector 

for the rath symbol of the ith diversity branch. Assume, without loss of generality,
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that the first symbol in the alphabet is transmitted. Then, the outputs of the square- 

law combiners can be written as [33]

X n = \2Esai ex'p(j'ipi) + i V j i |2 ( 4 . 1 )

X im = \Nim\2, « =  !,••• , L ,m  = 2, ■ ■ ■ , M  ( 4 . 2 )

where N im, i =  1, • • • , L , m  = 1, ■ ■ • , M  are independent and identically distributed,

zero-mean complex Gaussian RVs with variance AESN Q and a t e x p =  1, • • • ,L  

are the complex channel gains. Then, the average SER can be written as

Ps =  Pr max{Xa } < m&x{Xim}i i,m (4.3a)

L M—L—l

= L(M  -  1) m F xJ x ) \  ( fX22(x )J f xv(x)dx (4.3b)

where Fx (-) and fx(-)  represent the cumulative distribution function (CDF) and 

probability density function (PDF) of the RV X, respectively. Note that to ob­

tain (4.3b) from (4.3a), we have used the fact that the RVs X im, i = 1 , • • • , L, m  —

2, • • • , M  are i.i.d. For noncoherent MFSK, The average BER can be computed from 

the average SER using [21]

=  5W = T ) P-  <4'4>

To proceed, we first obtain the PDF and CDF of X 22 which are independent of the 

fading model. From (4.2), one notes that X 22 is a central chi-squared RV with two 

degrees of freedom. Hence, its PDF and CDF is given by [35]

^ w  = 4 ^ exp( - 4 £ i y )  (4-5)

and
w

FX22(w ) =  1 -  exp ( ~ 4EsNo ) (4 -6 )
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respectively. To obtain the PDF and CDF of X ix,i =  1, • • • , L  we consider two fading 

scenarios: Rician and Nakagami-ra fading. Rayleigh fading is considered also as a 

special case of either Rician or Nakagami-m fading scenarios.

4.1.1 Rician Fading

In this case cqexp^'^j) can be written as [4]

ai exp(jipi) = Zn  +  j Z i2, i =  1, • • • , L  (4.7)

where Zn  and Z ^  are Gaussian RVs with means m iX and m i2 and variance of, re­

spectively. The Rice factor Ki can be written in terms of mu,  m i2 and cr|, as [4]

K i = ^  

Next, we obtain the CDF of X ix,i  =  1, • • • ,N .  Substituting (4.7) in (4.1), we obtain

X u  = |2 E sZa +  N%{\2 +  |2 EaZa + iVg |2 (4.9)

where N(x and N® are independent zero-mean Gaussian RVs with variance 2EaN0. 

From (4.9), one can see that X n , i  =  1, • • • , L are non-central chi-squared RVs with 

non-centrality parameters sf and variance of given by

s, = 4 {4.10)

a' = 2E-N»1 ^ + 1 1 (411) 

where 7 * is the average signal-to-noise ratio (SNR) on the i th  diversity branch. There­

fore, the CDF of X u  can be written as
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where

Pi{Kuii)  = 

P2(K, 70 =

2 m
'fi + Ki + 1

2 ( K  +  1)

(4.12b)

(4.12c)
(7 i + Ki + 1)

Substituting (4.5), (4.6) and (4.12) in (4.3) and making the change of variable y 

x/(4:EsNo), we obtain
n QQ L

Pe = L { M -  1) /  1 1  { l  -  Q, ( y f P ^ K i ^ i ) ,  ^ /P2{Ku yi) y ) \
i=l (4.13)

X (1 -  exp ( -y ) )LM L 1 exp(—y)dy.

For numerical calculations it is desirable to transform the integral in (4.13) into an 

integral with a finite range of integration. This is accomplished by making the change 

of variable y =  tan((9) in (4.13). Thus, we obtain the average SER of noncoherent

MFSK with S + N  selection combining as
L

Pe ~  L (M  1) f 2 n  { l  -  Qi (V A (tf i,7 i) , V P 2 (Ki,yi)  tan (0 ))}  
0 _»=i (4.14)

(4.15)

x [1 - - exp(—tan(#))]LM L 1 exp(—tan(0 )) sec2(0)d8.

For i.i.d Rician fading K\  =  • • • =  K l = K,  71 =  • • • =  Nl = 7  and (4.14) reduces to
r ~  l

Pe =  L{M  — 1) j j  [{ l -  Qi ( y /P x{ K , % j P 2{ K , i )  tan (0 ))}]

x [1 — exp(— ta n {0))}LM~L~l exp(— tan(0 )) sec2{9)d0.

4.1.2 Nakagami-m Fading

To obtain the CDF of X n , i  = !,••• ,L,  we first write it as

X n  =  |2Esaie>e* + Na \2

= ^EsOa + e - ^ N i ^ l e P f  

=  \2Esai + Ni\2 

= \2Esai + N! \2 + \N?\2

(4.16)
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where Nt =  e~FiNu  and the fixed phase term is absorbed in the noise term 

Nn  without changing its statistics [21, p. 292] to yield N .  Under the static channel 

condition, X u  is a non-central chi-squared RV with two degrees of freedom and its 

CDF is given by

F x „ k a M  =  1 - 0 ,  ( ^ ,  ^ )  (4.17)

where cr =  y/2EsN 0.

To obtain the unconditional CDF of X u,  we average Fxu \ar,e,{w) over the joint 

pdf of (aj, Qi) to get

/
oo /*27r

J Fxil\at,ei{x) f{ai,6i)daidBi (4.18a)

= / ~ 0( 1_gi ( ^ T ^ ) )  (418b)
=  J  ^1  -  Qi / ( OLi)doLi. (4.18c)

Note that in obtaining (4.18c) no assumption is made about the phase of the Nakagami- 

m  distribution. In a Nakagami-m fading environment, the marginal PDF of is given 

by [12 , eqn. (2 .20)]

. 2a 2mi~ 1 / TOj\mi (  m ia? \  , .

^  “ T to T  U j  exp (  oT )  (4 ' 19)

where m, is the fading parameter on the ith channel and Oj =  E[a?].

Substituting (4.19) in (4.18c) and using [36, eq. (9)], and after some mathematical

simplifications, we obtain the unconditional CDF of X u  as

j-, z  ̂ 7i {  x m
FXn  (a;) =  1 -------- —  exprrii +  7i V 20-2 m i +  7 i, 

mi-i , \  k / \  ( 4 . 2 0 a )

x x ;  <*("*, 7«) L k"  W i  +  7 i /  V 2a2 mi + ^ iJ

where Lk(-) is the Laguerre polynomial defined as [19, eq. (8.970.1)]

w = £ ( - i y ( t k_ , ) j  <420b)i=o V '
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and efe(m i,7i) is given by

ek{mi^ i) = {  . (4.20c)
— -— , k = rrii — 1

7i
For notational simplicity we define Ck,i as

=  k )  (4.21)
l\ \ k - l j  Vm i +  7 i /  W i  +  7 t /

and we rewrite Fxn {x) in (4.20a) as

mi- 1( \ llll x ft, £

“ 2^ ^ 7 7 7 )  £  ( ^ )  <4-22>* fc=0 z=o

where we have replaced the Laguerre polynomial with its definition given in (4.20b).

The average SER of noncoherent MFSK with S  + N  SC receiver Model 1 in 

Nakagami-m fading can now be computed by substituting (4.5), (4.6) and (4.20) in 

(4.3). The result is

PS(E) = L (M  -  1) [  ( 1 -  exp f  ^  C^+ (m i> 7<) 0*0
Jo *=i V \  ™i + l i  J fc=0 l=0

x (1 — exp(—x))L exp(—x)dx.

(4.23)

For i.i.d Nakagami-m fadings, using the binomial theorem and after some mathe­

matical manipulation and integral evaluations, the integral in (4.23) reduces to a 

closed-form expression as

PAE) = L{M -  l)“ f  ‘ £ ( - i r " ( Mi - /  - >) g )  exp ( -  ( J ^  + 1 + „)
d= 0 n = 0  ̂ /  \  /  \  \  /

E 1? f
E E i n c v '

m - \ L kL (  n 
x  -  V -  J t t ^  I \ P = l

kL=oL iL=oL 1>p=i )  (  nm  \ 1+P? i (p
“ Hr1 +  v '

m +  7

(4.24)
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where CL is a constant vector of dimension L  with each element being C  and we
u L

define the summation as

V \  V 2  V l

£  4  £  £  -■ £  • (4-25>
K L = r ] L  « 1 = » 7 1  K2=r)2 K N = r ) L

4.1.3 Rayleigh Fading

For Rayleigh fading it can be shown that setting Ki =  0, i = 1, • • • , L  in (4.14) and 

setting rrii = 1, i =  1, • • • , L  in (4.23), and after some mathematical simplifications 

we obtain a closed-form expression for the average SER of noncoherent MFSK with 

S  +  N  SC model 1. The result is

l 1 (4.26)
£  T— 1 -----------+  --- +  ( - l ) L-------- --^  T — 1 4 - r ,  -t- r , v 1. . , J  J T  Cjj +  Cj2 N

i = l

where c* =  and J  — L M  — L  — 1. For the case of noncoherent BFSK (4.26)

reduces to [34, eq. (21)] as expected.

For i.i.d Rayleigh fading, one can show that (4.15) reduces to

l  / 7 A  L ( M - 1)

r - E ' - ' r 0  n  r w M
which is equal to [33, eq. (11)], as expected.

4.2 Perform ance of S + N  SC R eceiver M odel 2

In this section, we derive the BER of binary orthogonal signaling with S + N  SC Model 

2. The receiver structure is depicted in Fig. 4.2 ( after [7, Fig. 3]). Notice that this 

receiver structure is limited to binary signaling and therefore, in this section we only
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2 (after [7, Fig. 3]).
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consider noncoherent BFSK. The receiver bases its decision on the RVs X{ = X u  —X i2 

where X u  and X i2 are expressed as

where Eb denotes energy per transm itted bit, cq exp(j'ipi)  is the complex channel gain 

and Nn  and iVi2 are zero-mean complex Gaussian RVs with variance a2 =  2EbNo per 

dimension.

Assuming that U i ( t ) ,  corresponding to a “1” bit, is transmitted, an error occurs if 

from the L statistics Xj  =  X 3\ — X ]2, the one with the largest magnitude is negative. 

Mathematically, the BER can be written as

Note that (4.32) is equal to [7, eq. (8 )], as expected. Eqs. (4.31) and (4.32) show 

that we need to compute the CDF and PDF of Xi  to compute the BER. These are 

computed in the following subsections for Rician, Nakagami-m and Rayleigh fading 

channels.

X n  = \2Ebaiexp(j'ipi) + Nn\2 

X i2 =  |iVi2|2, i = l , - - . , N ,

(4.28)

(4.29)

Pe =  X ^ P r  ( w P O l  < \X i l X i < ° )
i= l  '

(4.30)

To proceed, we write (4.30) as

Pe =  ^  Pr ( max |X-| +  X* < 0 J
i= 1 '  '

L  poo L

= E  /  M - x )  n  (Fxj(z) -  Fx,(-x))
t -1 Joi= 1 0 j = 1

3&

For i.i.d fading, (4.31) reduces to

poo

Pe = L f Xl ( - x )  (FXl (x) -  FXl ( - x ) ) L_1 dx.
Jo

(4.32)
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4.2.1 Rician Fading

In this case, the RV X  is the difference between a non-central chi-squared and a 

central chi-squared RV. In [13], an expression is obtained for the CDF of the difference 

of a non-central and a central chi-squared RV. Using [13, eq. (51)], we obtain the 

CDF of ^  as

x

Fx<{x)

Y i(K h 7 i ) e x p
4EbN0 J  ’

=  < 1 -  Ql ( V Pl(K in i) , 4EbNo

+ X ( X 5 7 i) exp
x

4EbNo Q i K A W .T i ) ,
iy 3(K,, i i )x  

4EbNo

where

Y i ( K ,  7 ) -  

Y2(K, i )  = 

Y3{K, 7 ) =

K  + l
exp

2K  +  2 +  7  ” 'x' \  2K  +  2 +  7 / 
2 7 X (X  +  1)

( 7  +  X  +  1) ( 7  +  2 +  2K)
2 (7  +  2 +  2 K)

7  +  K  +  1

The PDF of X  is computed from its CDF as

fxAx)  =
1

4EbNo
Yi(Ki,  7 j) exp

x
4EbNo

x < 0 .

x < 0

x > 0 

(4.33a)

(4.33b)

(4.33c)

(4.33d)

(4.34)

Note that to compute the BER, eq. (4.31) shows that one only needs the PDF of 

fx i(x)  for negative arguments. Therefore, fxi(%) is only given for x < 0 in (4.34). 

Substituting (4.33a) and (4.34) in (4.31) and making a simple change of variable, we 

obtain the BER of noncoherent BFSK with S  + N  selection Model 2 in Rician fading
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as a single integral with finite integration range as

P, =  £ > ( * : , , 7 i) [ ’ e - “ w  n  1 - Y ^ K ^ y
i = 1 -70 i = l  I

-  Oi ( s/ p 2(Kj y i )t3.Ti(x)'\ <4-35)

+  Y i ( K j ,  7 j)e *“ w 0 1 \ j Y 2(Kj,lj), \jY^P,Pij)  ty n fV ) J ] sec‘(x)dx. 

For i.i.d Rician fading, (4.35) can be simplified as

Pe = L Y i ( K ^ )  [  exp(— tan(x))
Jo

x [ 1 -  Y,(K,  7 )e- tanW -  Qi v 'P 2( ^ , 7 )tan(x)

L-l

(4.37a)

+  Yi {K , 7 ) expttantj:))^! y\ZY2(K,  7 ), \ / Y 3(K,  7 ) tan(x) J J 2vc2(x}dx.

(4.36)

For dual-branch diversity (4.35) reduces to a closed-form expression, namely

Pe =  W  -  /i(P i(^ i,7 i) ,P 2 (^ i,7 i)>  l '
i= l  I

+  y i(/f i,7 < )/2 ( W , l i ) ,Y z{Kh ’ 

where f i(a,  b, c) and / 2(a, 5) are defined as

/•OO
f i (a ,b ,c )=  / Qi(Va, Vbx) exp(—cx)dx 

Jo
n , 7 (  ^  \  (4’37b)2c +  b -  bexp  -----   )

2c +  6 7= ------------- -----------  a, 6, c > 0
c(2c +  o)

r oo . . 2 4- a
/ 2(a, b) = J Qi \ ^ /a ,V b x j  dx = —-—, a, 6 > 0 (4.37c)

and where i denotes the 2 ’s complement of i, i.e., if i = 1 then i = 2 and vice versa.

The proof of the integral identities in (4.37b) and (4.37c) is given in [37].
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4.2.2 Nakagami-m Fading

In this case, it is shown in [38] that the CDF of Xi  is given by

n i j - 1 k

1 -  £  J2  DkAmi, 7i) exp )

FxAx ) = <
k= 0 1=0

\ 2 a 2J

x r ( i +  1- ( ^ s r  +  1) ^ ) '  x > 0
exp ( ^ 2)  7*), ® < 0

where T(-, •) is the incomplete Gamma function defined as [19, eq. (8.352.2)]

(4.38a)

n u Z
T(n +  1 ,z)  = n\ exp(—z) ^  , n € N

fc=0
(4.38b)

and where for notational simplicity we have defined D^  and C(m,  7 ) as

/ \ t<+i
(1+^ )mi+7,

m i  — 1 A;

C{mu ~f) = ! -  E E C ‘. /(mj, 7<)r(/ +  1)

(4.38c)

(4.38d)
fc=0 z=o

where T(n) =  T (n ,0 ).

From the CDF of X t, we derive the PDF of by differentiation. The result is

f xAx)  = ~  exp C(mh 7 0, x < 0 . (4.39)

The PDF in (4.39) is given for x  <  0, as we only need the pdf for negative arguments 

for the calculation of the BER in (4.31) and (4.32). Now substituting (4.38) and

(4.39) in (4.31), we obtain the BER of noncoherent BFSK with S  + N  SC receiver 

Model 2 in Nakagami-m fading as

L «oo L m — 1 k“ fOO ^
Pb =  y 2 C { m i ,'yi ) e x p ( - a r ) J J  1

i= 1 ,' 0 1 = 1
Dk,lim j n j )

fc=0 1=0 (4.40)

x exp(x)r ( I +  1 ,
m,

rrij +  7 j
— +  1 ) x  ) -  C(rrij,  7 ,-) exp (—a:) dx.
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For i.i.d Nakagami-m fading the BER becomes

«oo m —1 k

Pb =  LC(m ,*{ )  /  exp(—x)  [ ' - E E
k= 0 1=0

x exp(x)r ( I + 1 ,
m

m  + 7
3  +  1 ) x  ) — C(m,  7 ) exp(—a:)

£ - 1
(4.41)

dx.

4.2.3 Rayleigh Fading

For i.n.d Rayleigh fading, setting Ki = 0, i = 1, • • • , L in (4.35) and m, =  l , i  = 

I,-- - ,L  in (4.40), we obtain the BER of noncoherent BFSK with i.n.d Rayleigh 

fading as

ex p (-z ) +  exp ( - 17%) (3 +  l j )1 poop‘=e  2T7 /„exp(_a:) n
i = l  Z +  0  , j

1 -
2 + 7j

dx. (4.42)

Note that the expression given in (4.42) is simpler to compute than the expression 

given in [34, eq. (2 2 )] for the BER of S  + N  SC receiver Model 2 in i.n.d Rayleigh 

fading. Notice that for a given N, (4.42) reduces to a closed-form expression. For 

example, for the important case of dual-branch diversity, (4.42) reduces to

8 +  571 +  572 +  37172 

e (2 +  7-i)2(2 +  72)2
(4.43)

which is equal to [39, eq. (12)] and [34, eq. (22)], as expected. 

For i.i.d Rayleigh fading, one can show that (4.41) reduces to

l -  1

p  -  l  V  ( L ~ ^  V
6 n J (7  +  2 )n+1 V i J 7 (n — i + 1) +  n + 1n=0 N /  \  ' / i= o \  /  1 \  /

n (7 + 1)i+ 1
(4.44)

which is equal to [7, eq. (9)], as expected.
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4.3 Perform ance A nalysis o f noncoherent M F SK  

w ith  C lassical Selection  C om bining

In this section, we derive the average SER of noncoherent MFSK with classical SC in 

i.n.d fading. To compute the average SER, we average the static error rate, denoted as 

Ps (e|7 ) over the PDF of the largest SNR, / 7max(x), where 7 max =  m a x ^ ,  72 , • • • , 7 yv}. 

That is
/'  OO

Pb = Ps{e\l)  (4.45)
Jo

The SER of noncoherent MFSK in an additive white Gaussian channel noise 

channel is given in [21] as
M — 1 / - j \n + l f M —1\ /  \

p• = e  „ + r  ex? <4-46>
n = 1 x 7

where 7  is the instantaneous SNR per branch.

The CDF of 7 max can be written as
L

<4-47)
i=i

where F7i(x) is the CDF of the SNR on the ith branch. Differentiating the CDF of 

7 max in (4.47), we obtain its PDF as

/7max(z) = Yl II F̂ X)- (4-48)
i= 1 j= 1

j¥=i
Substituting (4.46) and (4.48) in (4.45), we obtain a general expression for the SER

of classical SC as
M — l L / -1 \r).4-1 / M ~ l \  /»rv~i ! /  \  L

rYj( x ) d x .  (4.49)
n = 1 i = l  u  \  /  ~= iJ=

Note that in obtaining (4.49), we have assumed the diversity branches go through 

i.n.d fading. We now, obtain SER expressions for Rician, Rayleigh and Nakagami-m 

fading scenarios.
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4.3.1 Rician Fading

For Rician fading, the PDF and CDF of 7 * can be written as

M x )  _ W ± i )  exp _ ( E ± J E )  / 0 ( 2, / * < *  +  ^
7t 7* 7i

and

F-Jx) =  1 -  Q, ^ 2(1 +_ * ‘)X)

(4.50)

(4.51)

respectively, where 7 * is the average SNR on the ith branch.

Substituting (4.50) and (4.51) in (4.49), and making the change of variable, x  =

tan(0), we obtain the SER of selection combining with i.n.d Rician fading as 

(_l)n+l(M-l)  L K + lM —l

f t - E

x

n=l
Ln

3+i

n +  1 E
i= 1 7t

exp(-RT) [  
Jo

exp -
n RT +  1 \

H----- =—  ) tan(0 )
n +  1 l i  J

1 -  q , | V 2K,  J-2! 1 t / d l y W  j sec2{0)d0.

(4.52)

4.3.2 Nakagami-m Fading

In the case of Nakagami-m fading, the PDF and CDF of 7 * are given by [12]
(rnj \77ii

/« (* ) - T (rrii)
TTliX \ Y n — Xexp I  — I x mi 1
l i

(4.53)

and
T (

" ’ W ’ 1 -  r w  (4 '64)

respectively. Substituting (4.53) and (4.54) in (4.49), we obtain the average SER of 

noncoherent MFSK with classical SC in i.n.d Nakagami-m fading as

M—1 L
( - 1)n+1 (Nr1) ( t )

s E  n +  1 F(mn=l i=l 
L

- f
i) JO

Xmi-1 exp -  —  +
rru n
li  n + 1

x

X n
3=1 
j/*

; rK f )
r (^ -)

(4.55)

dx.
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For i.i.d Nakagami-m fading, (4.55) reduces to [40, eq. (18)], as expected. For i.i.d 

Nakagami-m fadings with integer values of m, using the multinomial theorem and 

after some mathematical simplification and integral evaluations, (4.55) reduces to a 

closed-form expression given by

n +  1 T(m)
n = 1 '

/  r \  /(m—1) /  \  i

£ ' - < ) g ‘+ )
L / r x / ( m l )  ,  y  r ( m  +  Jfc) ^ ' 5 6 ^

x  > i - i n  n  V  ( -  1  ------------- *---------- 1— ^ - k
I m  n l m '
I “  ^— T T  +  ~\ 7  n + 1  7

where 5ki can be computed using [41]

5i(Z—1)k 5,
*«= E  (4-56b)

i= k—m + 1

where <50o =  SQl = 1, 5kx = 5n =  I and I[a,b](x)  is defined as

1 , a < x < b
I[a,b](x ) = { • (4.56c)

0 , otherwise

which is equal to [40, eq. (19)], as expected.

4.3.3 Rayleigh Fading

For Rayleigh fading, it can be shown that (4.52) and (4.55) reduce to a closed-form 

expression as

M-l ^ 1̂  L  ̂ i  f i  ^ ^
Ps

y -  v v  \ n ) y ^  M  _  _  y '  1
h v  n +  i  ^ 7 i \ ai ^  a, +

l  , , 1  (4.57)
+ E  . a ,  4. a ,  + '" + (-l)L L
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where a* =  - j r  +  4  and $  =  4-. For i.i.d Rayleigh fading, the SER can be written

as
M —l / _ i  \n + l  / M - l \  L .

p- = E  n+\■— n <4'68)
n = l 7=1  ^ Ti+l

which is equal to [33, eq. (6 )], as expected.

In [33, Section V] it is concluded that S  + N  SC always outperforms classical 

SC. Comparing (4.58) with (4.27) one can show, unlike previously concluded in [33, 

Section V], that the SER performance of S + N  SC model 1 is not always smaller than 

that of classical SC in i.i.d Rayleigh fading. For example, in the case of noncoherent 

16-ary FSK with 2 branches the performance of classical SC is superior to that of 

S  +  N  SC Model 1 for the SNR range of 0 to a crossover value of 6.97 dB. One can 

also show using numerical calculations of (4.58) and (4.27) that for a fixed value of 

M, as the number of diversity branches increases this crossover value decreases. For 

example, considering noncoherent 16-ary FSK, the crossover value is 6.97 dB, 3.87 

dB and 2.67 dB for L — 2,4 and L = 6 , respectively. For a fixed number of diversity 

branches, increasing the modulation order decreases the SNR cross-over value. For 

example, if L =  4, the cross-over value is 4.21 dB, 4.08 dB and 3.88 dB for noncoherent 

4-ary, 8-ary and 16-ary FSK.

4.4 N um erical E xam ples and D iscussion

In this section, some numerical examples are presented to compare the performances 

of the S  + N  SC receivers with those of classical SC and SLC in i.i.d and i.n.d Rician 

and Nakagami-m fading. For i.n.d fading we assume an exponentially decaying mul­

tipath intensity profile (MIP), i.e., 7 \ — 71 exp(—(3(i — 1)), i — 1, • • • ,L  where /3 is the 

average power decay factor. We also present examples to compare the performances
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of the systems in i.i.d and i.n.d fading. Monte Carlo simulation results are presented 

to test the validity of our analytical expressions. We study the effects of the modu­

lation order, the diversity order, the fading parameter and the average power decay 

factor on the relative performance of S  + N  SC Model 1 and Model 2 with classical 

SC and SLC.

We begin with examining the effect of the fading parameter m  on the system 

performance for both i.i.d and i.n.d Nakagami-m fading employing S  +  N  SC Model 

1. In Figs. 4.3 and 4.4, we have plotted the average BER of noncoherent QFSK 

with 4 diversity branches in i.i.d and i.n.d Nakagami-m channels, respectively, where 

m =  1,3 and 6 and (3 =  0.8. Both figures indicate that as the severity of fading 

decreases, and for a given BER, the SNR difference between S  + N  SC Model 1 and 

classical SC increases. For example, in Fig. 4.3 and at a average BER of 10~4, the 

SNR difference is 0.72 dB, 1.37 dB and 1.63 dB for m =  1, m =  3 and m  — 6 , 

respectively. Comparing Fig. 4.4 with Fig. 4.3, one can see that in i.n.d fading, in 

contrast to the i.i.d case, the performance of S  + N  SC Model 1 is inferior to that of 

classical SC when the average SNR is small. The differences are small, however, and 

they occur for large values of error rate, so that the S  + N  model 1 receiver will be 

preferred for practical implementations.

The effect of average decay factor on the relative performance of S + N  SC Model 1 

to classical SC in presented in Figs. 4.5 and 4.6 where the SER of noncoherent QFSK 

is plotted as a function of the average SNR per bit of the first branch 71 for (3 =  .5 and 

(3=1  and for K  = 0, 3 and 6 . Comparing Figs. 4.5 and 4.6, one can observe the effect 

of average decay factor on the relative performance of the two selection combining 

receivers. For example when K  =  0, which corresponds to Rayleigh fading, Fig. 4.5 

shows that S  +  N  SC Model 1 outperforms SC for the range of SNR given. However,
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in Fig. 4.6, classical SC has superior performance over S  + N  model 1 for small values 

of SNR up to a crossover value of 8.4 dB. Fig. 4.6 also shows that as the channel 

becomes better, this crossover value decreases.

Figs. 4.7 and 4.8 study the effect of modulation order on the performances of 

S  + N  SC Model 1 and classical SC in i.i.d and i.n.d Nakagami-m fading channels. 

While Fig. 4.7 shows that S  + N  SC Model 1 outperforms classical SC for the range 

of SNR given, we see in Fig. 4.8 that similar to Fig. 4.4, classical SC has superior 

performance over S  + N  SC Model 1 for small values of SNR. Fig. 4.8 also shows 

that the value of SNR at which the error rate curves of classical SC and S  + N  SC 

Model 1 cross, decreases as M  increases. For example, the cross-over value is 3.4 dB, 

2.7 dB and 2.3 dB for M  = 4,8 and 16, respectively.

In Fig. 4.9, the average BER of noncoherent BFSK with S  + N  SC model 1 is 

plotted as a function of the average SNR in i.n.d Rician fading with an average decay 

factor of (3 = 0.5 and for K  = 3 for several values of L. It is interesting to note that 

unlike the case of i.i.d fading, the performance of the system does not necessarily 

improve as we increase the diversity order. For example, Fig. 4.9 shows that the 

performance of the S  + N  SC Model 1 with 4-branch diversity is superior to the 

performance of 8-branch S  + N  SC Model 1 for the SNR range of 0 to 13 dB. This 

phenomena can be explained as follows. In the small SNR region the noise term is 

dominant and S  +  TV SC receiver is basically choosing the branch which is mostly 

affected by noise. Therefore, in the small SNR region, increasing the diversity order 

does not necessarily improve the performance of the system.

In Fig. 4.10, the effect of the average delay factor, f3, on the relative performances 

of S  + N  SC Model 1 and classical SC is examined, where the BER of noncoherent 

16-ary FSK is plotted as a function of SNR per bit on the first diversity branch for
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4-branch S  + N  SC Model 1 and classical SC in Nakagami-m fading with m  — 4. 

Notice that as 0  increases, the performance gain of S  + N  SC Model 1 over classical 

SC decreases. Also, it is important to notice that for the region of small SNR and 

for large 0  classical SC performs better that S  + N  SC Model 1. This is because for 

larger /?, we get weaker diversity branches in terms of signal strength and the noise in 

the system becomes the dominant factor. Therefore, by choosing the largest output 

of square-law detectors, the S  + N  SC receiver is in fact choosing a branch mostly 

affected by noise resulting in an inferior performance compared to classical SC. The 

same phenomena is in evidence in Fig. 4.11, where for large 0  and in the small SNR 

region, classical SC outperforms S  + N  SC Model 1 and S  + N  SC Model 2, while 

in the moderate to high SNR region S  + N  SC Model 2 outperforms both S  + N  SC 

Model 1 and S  +  N  SC Model 2. Furthermore, Fig. 4.11 shows that S+N SC Model 

2 has superior performance over S  + N  Model 1 in all cases.

Finally, we compare the performance of S  + N  SC Models 1 and 2 with square- 

law combining (SLC). Fig. 4.12 shows the average BER performance of noncoherent 

8-ary FSK with 3, 4 and 5 branch diversity with S  + N  SC Model 1 , classical SC and 

SLC in i.i.d Nakagami-m fading. For SLC, we have used the analytical expressions 

given in [42] to plot the curves in Fig. 4.12. Fig. 4.12 shows that as we increase 

the number of diversity branches, the performance gap between S  + N  SC Model 

1 and SLC increases. For example at an average BER of 10~3, the SNR difference 

between S  + N  SC Model 1 with SLC is 1.18 dB, 1.57 dB and 1.9 dB for N  = 3,4 

and 5, respectively. The performance gap between S  + N  SC Model 2 and SLC also 

increases as the number of diversity branches is increased, as illustrated in Fig. 4.13. 

For example, at an average BER of 10~3 the SNR difference between the two systems 

is 0.29 dB, 0.57 dB and 0.92 dB, for L = 3,4 and 5, respectively.
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Figure 4.3: The average BER of noncoherent QFSK with 4-branch S  + N  SC receiver 

Model 1 and classical SC in i.i.d Nakagami-m fading with m  = 1,3 and 6 .
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Figure 4.4: The average BER of noncoherent QFSK with 4-branch S  + N  SC receiver 

Model 1 and classical SC in i.n.d Nakagami-m fading with m  = 1,3 and 6 and (3 = 0.8.
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Figure 4.5: The average SER of noncoherent QFSK over 4-branch i.n.d Rician fading 

with an average decay factor (3 =  0.5 for K  = 0,3 and 6 .
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Figure 4.6: The average SER of noncoherent QFSK in 4-branch i.n.d Rician fading 

with an average decay factor P — 1 for K  = 0,3 and 6 .
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Figure 4.7: The average BER of noncoherent MFSK with 4-branch S  + N  SC receiver 

Model 1 and classical SC in i.i.d Nakagami-m fading with m  =  2 for M  =  4, 8 and 

16.
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Figure 4.8: The average BER of noncoherent MFSK with 4-branch S  + N  SC receiver 

Model 1 and classical SC in i.n.d Nakagami-m fading with m  = 2 and (3 =  0.8 for 

M  — 4, 8 and 16.

92

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Av
er

ag
e 

BE
R

0

L = 2

L = 810
Simulation

-2
10

10

-4
10

0 5 10 15 20 25
Average SNR per bit of first branch [dB]

Figure 4.9: The average BER of noncoherent BFSK with S  + N  SC Model 1 in i.n.d 

Rician fading with L = 2,4 and 8 , an average decay factor of (3 =  0.5 and K  =  3.
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Figure 4.10: The average BER of noncoherent 16-ary FSK with 4-branch S  + N  

SC receiver Model 1 and classical SC in i.n.d Nakagami-m fading with m =  4 and 

(3 — 0,0.3 and 0.8.
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Figure 4.11: The average BER of noncoherent BFSK with 4-branch S  + N  SC receiver 

Model 2 and classical SC in i.n.d Nakagami-m fading with m  — 5 and /3 — 0,0.3 and 

0 . 8.
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Figure 4.12: The average BER of noncoherent 8-ary FSK in L-branch i.i.d Nakagami- 

m  fading with S + N  SC receiver Model 1, classical SC and SLC for m  — 3 and L  =  3,4 

and 5.
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Figure 4.13: The average BER of noncoherent BFSK in L-branch i.i.d Nakagami-m 

fading with S + N  SC receiver Model 1, S  + N  SC receiver Model 2 and SLC for 

m  — 5 and L = 3,4 and 5.
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4.5 C onclusions

The performances of two S + N  SC receivers in i.n.d Rician, Nakagami and Rayleigh 

fading channels were analyzed. For each receiver, analytical expressions were derived 

for the average BER in. terms of single integrals. These analytical expressions were 

verified using extensive Monte Carlo simulation results. It was shown that, unlike 

previously published results, the performance of S  + N  SC receivers are not always 

superior to the performance of the classical SC receiver when the receiver is operating 

in the low SNR region. The effects of diversity order, modulation order and average 

fading power imbalance on the performances of the two S  + N  SC receivers was 

examined. Interestingly, it was shown that the performance of the S  +  TV SC receiver 

does not necessarily improve with the addition of diversity branches when the receiver 

is operating in the low SNR region. The performances of the S  + N  SC receivers were 

compared to the performances of classical SC and SLC.
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Chapter 5 

Performance of S  +  N  Selection D iversity  

Receivers in Correlated Rayleigh and 

Rician Fading

In Chapter 4, we studied the performances of two S  + N  SC receivers in i.n.d Rician, 

Nakagami and Rayleigh fading channels. In this chapter, we generalize the results of 

the previous chapter to correlated Rayleigh and Rician fading channels. For Rician 

fading we assume that the branches are equally correlated. For Rayleigh fading, 

the correlation model is more general and includes the equally correlated scenario as 

a special case. For each S  + N  SC receiver structure, we obtain easy to compute 

analytical expressions for the average BER, which are verified using Monte Carlo 

simulation results.

For Rayleigh fading, we assume that the correlation structure follows the model 

given in [30, eq. (8.1.5)], [43], which includes the case of equally correlated fading 

as a special case. We also consider the general scenario that the fading powers on 

the channels are not necessarily identical. For Rician fading, our analysis considers 

the case of equally correlated branches, where for each receiver structure analytical
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expressions are derived for the average BER. The effects of correlation, fading power 

imbalance and fading parameter on the performance of S  + N  SC receivers are exam­

ined and the performance of S  + N  SC is compared to classical SC. Our analytical 

results are verified using Monte Carlo simulation results. Note, that the equally cor­

related model can be used as a worst case benchmark or as a rough approximation 

by replacing every non-diagonal element in the correlation matrix (pij,i ^  j  ) with 

the average value of pij [20]. The equally correlated model has been used to model 

a set of closely placed antennas [44]. However, using experimental measurements, 

Zhang [45] has shown that the correlation model for a set of three equally placed an­

tennas does not follow the equally correlated model, so the equally correlated model 

must be applied with care. The performance of classical SC over correlated fading 

channels has been studied in [46]- [53].

The remainder of this chapter is organized as follows. In Section 5.1, average SER 

expressions are derived for S  + N  SC Model 1 for the cases of correlated Rayleigh 

and Rician fading channels. In Section 5.2, average BER expressions are derived 

for the performance of S  + N  SC Model 2 in equally correlated Rayleigh and Rician 

channels. Several numerical examples that compare the performances of the two S + N  

SC receiver structures with classical SC are presented in Section 5.3 and the validity 

of the analytical expressions obtained in Sections 5.1 and 5.2 are verified using Monte 

Carlo simulations. Finally, some conclusions are given in Section 5.4

5.1 A verage SE R  of 5  +  N  SC M odel 1

The performance of noncoherent MFSK signaling with L branch diversity with S  + N  

SC Model 1 is considered. The structure of the receiver is given in Fig. 4.1 and the
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outputs of the square-law detectors are give by

X ix = \2EsGi + iVjxl2 (5.1)

Xim = \Nim\ \  i =  1,. • • , L , m  = 2, • • • , M  (5.2)

where G{,i = 1 , ••• ,L  are the complex channel gains and Nij , i = 1 , L , j  =

1, • • • , M  are complex Gaussian RVs with variance 4ESN 0. Following the analysis in

Section 4.1, the average SER can be written as

PS{E) =  Pr [Vlmax < V 2max] (5.3a)
poo

= /  Fx tm* x(x)fX2max(x)dx (5.3b)
Jo

Noting that the RVs X im, i =  1, • • • , L, m  = 2, • • • , M  are independent and identically 

chi-squared RVs with common PDF and CDF given by

fx{x) = 4 E ^ G p ( - i i k )  <5-4)

and

Fx ( x ) = l - e x p ( - i £ ^ )  (5.5)

respectively, we can obtain the PDF of V 2max as
L M - L - l

( - * £ % ) )  • (5-6>

The CDF of X lmax is given by

• ^ X ’l m a x C '1' )  F X u , X 2 1 , - - ‘ , X l i  { , X  1 X 1 '  '  ’ 1 ( 5 - 7 )

where FXlux 2i , - ,xLi(^, x, •• • ,x)  is the joint CDF of the RVs Xu,  i — 1, • • • , L. Sub­

stituting (5.6) and (5.7) in (5.3b), we obtain a general expression for the average SER 

of noncoherent MFSK with S  + N  SC in correlated fading as

■*)“ »> ( - 4 i k )

(  (  X  ̂ *
d x '

101

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Note that the average BER can now be obtained from the average SER using Pb(E) =  

M /(2 (M  — 1 ))PS(E). If the branches are independent, FXlm.lx(x) can be written as 

the product of the marginal CDFs Fxn ,i  =  !,••• , L  and (5.8) reduces to

. 4ESN0i= 1 1 \  s  u
x  L M —L —1

X | l - e X p | - 4 B ^ "  dx'

(5.9)

which is equal to (4.3a).

5.1.1 Rayleigh Fading

Let E denote the branch power covariance coefficient matrix, whose elements E i j(i,  j  = 

1, • • • ,L)  satisfy [43, eq. (2)], i.e.,

„  E(|Gij2|G j|2) -  E ( |G j |a) E ( |G j |2) . .
fiTJ 777) | o \ t r / I | o \ P i P j  V * /y /Var(|G!i|2)Var(|G!j |2) 

where Gi, % — 1, • • • , L are the complex channels gains and E(X)  and Var(X) denote 

the expected value and the variance of X ,  respectively. Note that, for pi =  p,i  — 

l , ' - -  ,L,  (5.10) reduces to the case of equally correlated branches. For Rayleigh 

fading we write the channel gains, Gi, as [30]

Gi = V ^ M \/l  — PiUi +  \fplUo +  j ( a/1 — PiVi +  -y/piVo)), i = 1, • • • , L  (5.11)

where j  =  y/—l, Ui and Vi, i =  0 , . . .  ,L  are independent zero-mean Gaussian RVs 

with variance | ,  0 < Pi < 1 and 11, =  E[|G j|2] is the average fading power on the 

ith channel. Note that one can show that |Gj| are Rayleigh distributed and that the 

branch power covariance matrix will follow (5.10). Furthermore, one can show that

the cross-correlation between any Gt and Gj is ^/Pipk =  E[GiG*k] /\J E'[|G,|2]£'[|Gfc|2].
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Using (5.11), we can write X u  defined in (5.1) as

Xu = (2 + y/piUo) + Nlx)2 + (2Eay/Qi( ^ l ^ l V i + JpiVo) + N $ f

(5.12)

where N{x and N xl are zero-mean Gaussian RYs with variance 2E\>N q. Define Z  =

Uq + Vq . Then assuming that JJq and U0 are fixed, one can show that the RVs X.ti l

conditioned on Z  are independent and their conditional CDFs, Fxn \z(x), are given 

by

F x n \ z ( x )  —  1 -  Q i
2'JiPiZ x

(5.13)
1 +  7 i( l  ~~Pi ) \  2EsNq(1 + 7 i( l  — pi)) 

where 7 i is the average SNR on the ith branch. Thus, the joint CDF of X u , i  = 

1, • • • , L conditioned on the RV Z  can be written as the product of the marginal 

CDFs conditioned on the RV Z,  i.e.,

Fxu ,X2u - , x L1\z{xi,x,  , x L) -  Y\_FXn\z{xi\z). (5.14)
i = 1

The RV Z  is central chi-squared with two degrees of freedom and its PDF is given by

fz{z)  =  exp ( - z ) . (5.15)

Using (5.14) and (5.15), we can now obtain the joint CDF of X n , i  =  !,••• , L  as

I

X u , X 2 i

L

,-pcL1(x u x , - - -  , x L) =  f
Jo

n F x M xi\Z)
i=1

fz{z )dz  (5.16a)

n > - 9 '
27 i P i Z

i= 1

Xi

1  +  7 i ( l  P i ) 5 V 2 E s N o ( l  +  7 i ( l  —  P i ) )

x exp(—z)dz. (5.16b)

Substituting (5.16b) in (5.8) and using a simple change of variable, the average SER of 

noncoherent MFSK with S  + N  SC Model 1 operating with nonidentically distributed
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correlated Rayleigh fading branches becomes

poo p c
P,(E)  =  L(M  -  1) /  /

Jo Jo n 2 7 iPiZ 2x

, i= i

x exp(—x — z) (1 — exp(—x)) L M - L - l dzdx.

(5.17)

For the important case of dual-branch diversity, after much mathematical manipu­

lation and integral evaluations, (5.17) reduces to a closed-form expression given by

2M  3 / n i y r  _  o>

P,(E) = 2(M  -  1) £  (  ) ( - l ) ‘
i —n '1 = 0

* +  1 2(i +  1 +  Ai)

x 1 +
A2 — A3 +  2 (z +  1 +  Ai)

x 1

\ /  (A2 +  A3 +  2(i +  1 +  A1))2 — 4A2A3 J  2 (i +  1 +  A4)

A5 — A6 +  2(i 1 +  A4)
\ /  (Ai +  Ag +  2(i +  1 +  A4))2 — 4A5A6

(5.18a)

where E 12 =  p2 and

Ai

A2

A3

A4

2I5

A6

1 +  7 i

2(1+  7i)
7i72(1 -  P2) +  7 i  +  72 +  1
__________  27172P2______________

(7 i 72(1 -  P2) +  7 i  +  72 +  1 )(1  +  7 i )  
1

1 +  72
27172P'

(7i72(1 -  P2) +  7i +  72 +  1)(1 +  72)
2(1 +  72)

7 i72(1 ~ P 2) + 7 i + 72 +  1' 

The derivation of (5A8) is given in Appendix B.

(5.18b)

(5.18c)

(5A8d)

(5A8e)

(518f)

(5.18g)
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5.1.2 Rician Fading

In the case of Rician fading, we consider the case of equally correlated branches and 

we represent the channel gains as [20]

Gi — y / l  — pUi +  y/pU0 +  mi  +  j ( y / l  — pVi + ^fpV® +  m 2 ) (5.19)

where 0 <  p < 1 and Ui and Vi are independent zero-mean Gaussian RVs with 

variance a2 = Ft/(2(K +1)),  and where K  = (m2 + m 2)/(2a2) is the Rician factor [4]. 

Using the representation given in (5.19), one can show tha t the fading correlation 

between G\ and G2 is equal to p and F7[|Gi|2] =  12, i = 1, • • • , L, i.e., the branches 

are identically distributed. In addition, the power correlation between |Gj|2 and |G 

(i ^  j )  can be obtained as [20]

( 5 ' 2 0 )

Define Z  = (£/0 +  ^ ) 2 +  (Vo +  ^ ) 2- Then assuming that Z  is fixed, one can show, 

after some mathematical simplification, that the conditional CDF of X u ,  i =  1, • • • , L 

given Z,  i.e., Fxn \z(x), can be written as

i \2

Note that because the branches are identically distributed F x n \ z (x )  is independent 

of i. Using (5.21) and the PDF of Z  given by

f z ( z )  =  (K  + 1) exp -  (K  +  1 ) ^  Jo ( 2J K<<Kp 1)Z)  (5-22)
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we obtain the joint CDF of Xu ,  i = 1, • • • , L  as 

FX n ,x 2 i , - , x L1{ x , x ,  ■■■ ,x) = (K  + l )exp

J  exp (—(K + l)z)  J0 ^2-jx . „ j K ( K  + l )z

L

X I 1 - Ql I ' I TT.K{+̂ - Py ]]2 E , N j i +K % i - p)))  1
(5.23)

The average SER of noncoherent MFSK with S  + N  SC Model 1 in identically dis­

tributed equally correlated Rician fading can now be obtained by substituting (5.21) 

in (5.8) as

PS(E) =  L (K  +  1 )(M  -  1) exp J ™  j T  (1 -  e x p (-2;))iM- L- 1

x exp { - { K  +  1 )z -  x) I0 ( 2 \ j ^K ^  ^  | (5 2 4 )

L

Note that eq. (5.24) is valid for p > 0 as we have used (5.22) to obtain (5.24) which 

implicitly assumes that p > 0. For p = 0, which corresponds to independent fading 

branches, the average SER is given in [54, eq. (11)].

5.2 A verage B E R  o f S  +  TV SC M odel 2

The receiver structure of S' +  N  SC Model 2 is depicted in Fig. 4.2 and the outputs

of the square-law detectors are given by

X u  =  \2EbGi + Nn\2 (5.25)

Xii  =  |iVi2|2, i =  1, • • • ,L  (5.26)
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where Eb denotes the energy per bit, N n  and N i2, i  = 1, • • • , L  are i.i.d zero-mean 

complex Gaussian RVs with variance 4 E bN 0 and Gi, i  =  1, • • • , L  denote the complex 

channel gains.

As discussed in Section 4.2, the receiver bases its decision on the decision statistics 

X{  =  X u  — X i 2 , i.e., a summing process occurs on each diversity branch before data 

detection. The receiver will make an error if from the L  statistics X i ,  the one with 

the largest magnitude is negative. Therefore, we can write the average BER as

Pb =  ( m a x \X j\ < \X h X i < ° )  (5-27a)
i=i ' '

=  X > (  max \ X j  \ + X i  < 0^ (5.27b)
i=l ' ^  '

L

=  (5'27c)
t=i

where W{ =  X i  +  Yi and T, =  max \XA .  The C D F  of Wi,  Fwi(w) ,  calculated at w  =  0 

can be written as
«oo /* —

Fwi(0) — /  /  f Xi,Yi{x,y)dydx. (5.28)
J  X — — DO J  y = — o o

To continue, assume that the RVs X i  are independent given a RV Z .  Then, because

functions of independent RVs are also independent, we conclude that X { and V given

Z are also independent RVs and thus, f x itYi\z(x,y\z ) = fxi\z(x)fYi\z(y)- Noting that
pQO

fxi,Yi(x , y ) =  /  fxt ,Yi\z(x,y)fz(z)dz,  we can write (5.28) as 
Jo

r o c  p —x  p o o

F w M  = / / / f Xi\z{x)fYi\z(y)fz{z)dzdydx (5.29a)
J  x ——oo J  y = —oo J  0

=  [  f z ( z ) ( [  fxi\z(x)FYi\z ( - x ) d x )  dz (5.29b)
J  0 \ J  X  —  —  O Q  J

p o o  /  p o o  \

=  J  ̂ J x i\z{-x)FYi\z{x)dxjdz. (5.29c)
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Next, we calculate F y a z (x ) as

Fy^zix) -  J ]  {FXj\z{x) ~  FXj\z{—x)) (5.30)
j=i 
j¥=i

where we have used the fact that the RVs X j  are independent given Z. Combining 

(5.30) and (5.29c) and the result in (5.27c), we obtain the average BER of noncoherent 

BFSK with S  + N  SC Model 2 as

L poo poo L

Pt (E) =  £  /  /  n  ( f y i z M  -  FXiiz t-* ))  Sxik ( -E )h ( z ) d x d z .  (5.31)
t= l  <' °  j  =  1

We now obtain analytical expressions for Fx4|z(x), for the cases of Rayleigh and Rician 

fading channels. Using these expressions we can obtain analytical expressions for the 

average BER of noncoherent BFSK S  + N  SC Model 2 in these fading scenarios.

5.2.1 Rayleigh Fading

In this case, using (5.11), we can write as

X i  =  (2 E ^ i V ^ P i U i  +  VPiUo) +  iV/x)2

+  + JplV0) + N%)2 -  \N2i\2.

As in the previous section, define Z  — Uq + V 2. Then, assuming Z  is fixed, it is 

easy to see that Xi  is the difference of a non-central and a central chi-squared RV. 

Using [13, eq. (51)], we can obtain the conditional CDF of Xi  given Z  as

$ 1(7 i,Pi, z) exp ( 4̂ 0)  , x < 0

1 -  Qi ( V $ 2(%Pi,z),  J 2EbNo{1 + (1 _  p .)%

+ $ l {'yi,pi,z)  exp ( 4̂ 0)

(5.32)

FXi\z(x) =

x
1̂ __ r\ \r\i. I

(5.33a)
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where

^ ’P' Z) = 2 +  (l1- p ) ? eXP( ~ 2 +  ( T - P)? )  (5'33b)

4,2(%p' z) =  ( i + T - pW  ( 5 ' 3 3 c )

$3(if’P’ Z) = (1 + (1 -  p)7K2 +  (1 -  p)7) <5,33d)

$4(7, ft z) =  2 ^ - S — (5. 33e)

From (5.33), we obtain /xi|z(^) for negative arguments as

f x -'z{x)  =  4 ^ * ' (fi’Pi’ 3)eXp ( i l k )  '*  < °' (5'34)

Substituting (5.33) and (5.34) in (5.31), we obtain the average BER of BFSK with 

S  + N  SC Model 2 as

L̂ P OO poo

Pb(E ) = y 2  /  ^ ( N ’PiN)
i=i Jo Jo

x II j 1 -  7+P+z)’ y + ) + $i(7j,Pj, )̂exp(x)

X Qi pj, z), \J$A(lj ,Pj,z)xJ -  $i(7j, P j ,  z) exp(-x )

x exp(—x — z)dxdz.

(5.35)

For dual-branch diversity, after many mathematical manipulations, a simple closed- 

form expression is derived for the average BER of noncoherent BFSK with S  + N  SC 

Model 2 as

P ( D -  8 +  5 f l  +  5 7 ~ 2  +  3 7 ~ l f 2 ( 1  ~  p2) f5 3fil
6 (4 +  2 fi +  272 +  7172(1 ~  P2))2 '
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5.2.2 Rician Fading

Using the representation of the complex channel gains in (5.19), and assuming that 

Z  =  (Uq + ra i/y /p )2 +  (Vo +  fn.’i ! \ fp )2 is fixed, one can show, similar to the case 

of Rayleigh fading, that X { conditioned on Z  is the difference between a noncentral 

chi-squared and a noncentral chi-squared RV. Hence, using [13, eq. (51)], and after 

some mathematical manipulations, FXi\z(x) can be obtained as

Fxi\z{x)

H i ( i , K , p , z ) e x p ( 4^ ) ,

1 -  Qx #3(7 , K, p)

+Hx(7 , K, p, z) exp ( 4^ )  x

x < 0

w
2Ef,No (5.37a)

Qi ( p, z ) ,  . H5(-y,K,p)
w

2EbNo
x > 0

where

p , z )

p, z ) 

Hs(%K,p)

# 4 ( 7 ,  K,p ,z )  

H5(%K,p)

1 + K
exp

7 p(l +  K )z
2(1 -I- K)  +  7 (1  — p)2(1 + K)  +  7 ( 1  - p )

2*/p(l +  K )z  
1 +  K  +  7 (1  -  p)

2(1 +  # )
1 +  K  +  7 (1  -  p)

2-7p(l +  K ) 2z 
(1 +  K  +  7 (1  -  p))(2(1 + K ) +  7(1 -  p)) 
2(2(1 +  K)  +  7 (1  — p))

(5.37b)

(5.37c)

(5.37d)

(5.37e)

(5.37f)
1 -F K  +  7 (1  p)

Note that because the branches are identically distributed FXi\z(x) does not depend 

on i. Prom (5.37), we obtain the conditional PDF of X t given Z  for negative arguments

as

fxi\z(x) -Hx('y ,K ,p ,z)exp
w x < 0 . (5.38)

AEbN o " ^ , , " ' r '~ / ~"‘' \ 4 E bN0J  ’

Substituting (5.37) and (5.38) in (5.31), The average BER of noncoherent BFSK 

with S' +  N  SC Model 2 in identically distributed equally correlated Rician fading is
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obtained as

Pb(E) = L (K  +  1) J ™  J™  7 , K, p,z)  1 -  Qi ( V H2( % K , p , z ), y/ H 3( j ,K ,p)x ' )  

+  exp(x)# i(7 , K, p , z)Q\  ( y # 4 ( 7 i , ^  P,*), K, p)x^j

p, z) exp(-x)
L—1

exp — — (K + 1 )z — x^j

x I0 | 2\j  | dxdz, p > 0.

(5.39)

For p =  0, the average BER is given in [54, eq. (24)]. In the important case of 

dual-branch diversity, using [18, eqs. (B.27) and (B.31)] and similar to the procedure 

presented in the Appendix, (5.39) reduces to

8 2  ^  8 3 ( 4  +  2 8 4  — 8 5 )D ! B qB\ 
Pb(E) =  B T T 2 exp

where

Bo

B 1

B 2

b 3

2(K  +  1)
-  exp

8 i  +  2

K  7

2 8 ,
(5.40a)

2 K + 2 + 7  V 2 K + 2 + 7  

2(K + l ) (2K  + 2 + j )
72(1 -  p2) +  37(1 +  K)  +  2(1 +  K ) 2

2A'7 (2(1 + K) + 7 (1  -  p))2 
(2K  +  2 +  7)(72(1 -  P2) +  37(1 +  K)  +  2(1 +  K ) 2) 

2(1 + K ) 2
(2(1 +  K )  +  7(1  +  p))(2(l + K )  +  7(1  -  p))

2K^f

(5.40b)

(5.40c)

(5.40d)

x exp

84

B5

2(K  +  1) +  7(1 +  p),
___________ 2 K ^ ( K  +  1)(2(1 +  K)  +  7(1 -  p))____________
(2(1 + K ) +  7(1 +  p))(7 2(l -  P2) +  37(1 +  K)  +  2(1 +  A )2) 
2(2(1 +  K)  +  7(1 +  p))(2(l +  K)  +  7(1 ~  P))

7 2(1 -  p2) +  37(1 +  K)  +  2(1 +  K ) 2

(5.40e)

(5.40f)

(5.40g)
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5.3 N um erical E xam ples

In this section, we give some numerical examples to show the effects of correlation, 

average fading power imbalance and fading parameter on the performance of S + N  SC 

receivers. Furthermore, we compare the performance of S  + N  SC Model 1 and S  + N  

SC Model 2 to that of classical SC. Monte Carlo simulation results are presented to 

confirm the validity of our analytical expressions.

Fig. 5.1 shows the average BER of QFSK as a function of the average SNR per 

bit per branch of S + N  Model 1 and classical SC in equally correlated identically 

distributed Rician fading for K  = 4 and p — 0.5 for several values of diversity order 

L = 2,4 and 6 . Fig. 5.1 shows that similar to the case of independent fading [54], 

the performance of S  + N  SC is superior to the performance of classical SC for the 

range of SNR given. Also note that as the number of diversity branches increases, the 

performance gap between S  + N  SC Model 1 and classical SC increases. For example, 

at an average BER of 10” 4 the SNR gap between S + N  SC Model 1 and classical 

SC is 0.33 dB, 0.83 dB and 1.10 dB for L = 2,4 and 6 , respectively.

In Fig. 5.2, the effect of fading parameter on the relative performance of S + N  SC 

Model 1 is compared to that of classical SC in equally correlated Rician fading. Fig. 

5.2 shows the average BER of QFSK with 3-branch diversity in equally correlated 

Rician fading for K  = 0,5 and p — 0.6. It can be seen from Fig. 5.2 that the SNR 

gap between the two SC schemes increases as the channel becomes less faded. For 

example, for an average BER of 10~3 the SNR gap between S  + N  SC Model 1 and 

classical SC is 0.56 dB, 0.69 dB and 1.17 dB for K  =  0, 5 and 10, respectively.

In Fig. 5.3, the average BER of MFSK with S + N  SC and classical SC in Rayleigh 

fading is plotted as a function of the average SNR per bit of the first branch 71 for 

an exponentially decaying multipath intensity profile ( 7 j =  71 exp(—(3(i — 1)), i —
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1, • • • , L where (3 is the average power decay factor ) for (3 = 0.5 and [pi, • • • , P4] =  

[0.3,0.5,0.7,0.9]. Both theoretical and simulation results are presented. The equation 

used to plot the curves for classical SC is

Note that eq. (5.41) is derived using similar techniques to that of [43] and generalizes 

the result given in [43, eq. (23)] for Rayleigh fading to include the effect of aver­

age fading power imbalance. Fig. 5.3 indicates that the performance gap between

Fig. 5.4 shows the average BER of 4-branch QFSK with S  + N  SC Model 1 and

(3 = 0,0.5 and 1 with [pi, • • ■ , P4] =  [0.3,0.5,0.7,0.9]. Note that the performance of 

classical SC relative to the performance of S  +  N  SC is a function of the average 

decay factor. For example, while for (3 =  0, S  + N  SC outperforms classical SC for 

the range of SNR given, for (3 =  1, classical SC outperforms S  + N  SC for the range 

of 0 to 10 dB. This phenomena can be explained as follows. When the average SNR 

is small, the noise term is dominant and the S + N  SC receiver is practically choosing 

the branch that is mostly affected by noise and thus its performance is inferior to the 

classical SC receiver which selects the branch with the largest SNR. However, when 

the SNR is large, the S  + N  SC receiver yields a better error performance than that 

of the classical SC receiver because with the former system there is opportunity for at 

least one sample to be better (less noisy) than the average of the samples [7]. Notice 

that for (3 =  0, S  + N  SC outperforms classical SC in the range of SNR given but as

(5.41)

S + N  SC Model 1 and classical SC remains almost constant for different values of

modulation order.

classical SC in correlated Rayleigh fading for several values of average decay factor
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the channel becomes more faded ( (3 increases ) and for small SNR, the noise term is 

again dominant and the S  + N  SC receiver is more likely to make errors compared to 

the classical SC receiver.

In Fig. 5.5, the average BER of BFSK with S + N  SC Model 1 is compared to 

the average BER of S  +  N  SC Model 2 in correlated Rayleigh fading for L = 3, 

[p\ i P21 Pz\ =  [0.55,0.85,0.25] and for several values of the average decay factor (3 =  

0,0.6 and 1.2. The analytical and simulation results are in excellent agreement. Fig. 

5.5 shows that the average SNR difference between S  + N  SC Model 1 and S  + N  

SC Model 2 does not change significantly with (3 at small average BERs. However, 

at large average BERs the difference in the average SNR between the two receivers is 

larger for smaller values of (3.

In Fig. 5.6, the performances of 4-branch BFSK with S  + N  SC Model 1 and 

Model 2 are compared to the performance of classical SC in equally correlated Rician 

fading with K  =  5 and for several values of p = 0.2,0.4 and 0.6. Fig. 5.6 shows that 

S  + N  SC Model 2 outperforms both S + N  SC Model 1 and classical SC. Fig. 5.6 also 

shows that the performance gap between S  + N  SC Model 1 and S  + N  SC Model 2 

increases as p increases. For example, at an average BER of 10“4, the SNR difference 

between S  + N  SC Model 1 and S  + N  SC Model 2 is 0.16 dB, 0.65 dB and 0.99 dB 

for p = 0.2, 0.4 and 0.6, respectively. The SNR difference between classical SC and
: i

S  + N  SC Model 1 and Model 2 also increases as the correlation among the diversity 

branches increases. For example, for an average BER of 10~4, the SNR difference 

between S  +  N  SC Model 2 and classical SC is 1.17 dB, 1.38 dB and 1.56 dB for 

p =  0.2,0.4 and 0.6, respectively.

Finally, in Fig. 5.7 the average BER of BFSK with classical SC, S  + N  SC Model 

1 and S  + N  SC Model 2 is plotted as a function of average SNR per bit per branch
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in equally correlated Rician fading with K  — 10 and p — 0.6 for several values of 

L = 2,3 and 4. Fig. 5.7 shows that the average SNR gap between classical SC with 

S  + N  SC Model 1 and Model 2 increases as L increases. For example, for an average 

BER of 10~4 the SNR difference between S  + N  SC Model 2 and classical SC is 1.44 

dB, 2.06 dB and 2.43 dB for L =  2, 3 and 4, respectively. Fig. 5.7 also shows that the 

SNR gap between S  + N  SC Model 2 and S  + N  SC Model 1 increases as L increases.
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Figure 5.1: The average BER of QFSK with S  + N  SC Model 1 and classical SC 

as a function of average SNR per bit per branch in equally correlated identically 

distributed Rician fading for K  =  4, p =  0.5 and L = 2,4 and 6.
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Figure 5.2: The average BER of QFSK with S  + N  SC Model 1 and classical SC as 

a function of average SNR per bit per branch in equally correlated Rician fading for 

K  =  0, 5,10 and p =  0.6.
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Figure 5.3: The average BER of 4-branch MFSK with S + N  SC Model 1 and classical 

SC as a function of average SNR per bit per branch in correlated Rayleigh fading with 

M  = 2,4 and 16.
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Figure 5.4: The average BER of QFSK with S  + N  SC Model 1 and classical SC as a 

function of the average SNR per bit of the first branch in correlated Rayleigh fading 

with (5 = 0,0.5 and 1.
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Figure 5.5: The average BER of 3-branch BFSK with S  +  N  SC Model 1 and S  + N  

SC Model 2 in correlated Rayleigh fading for several values of average decay factor 

(3 = 0 ,0.6 and 1.2.
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Figure 5.6: The average BER of 4-branch BFSK with S  + N  SC Model 1, S  + N  SC 

Model 2 and classical SC as a function of average SNR per bit per branch in equally 

correlated Rician fading with K  = 5 and p =  0.2,0.4 and 0.6
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Figure 5.7: The average BER of 2-, 3-, and 4-branch BFSK with classical SC, S  + N  

SC Model 1 and S  + N  SC Model 2 as a function of average SNR per bit per branch 

in equally correlated Rician fading with K  = 10 and p =  0.6.
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5.4 C onclusion

The performances of two S  + N  SC receivers in correlated Rayleigh fading for a 

particular correlation structure and in equally correlated Rician fading were analyzed. 

For each receiver structure, analytical expressions were derived for the average BER. 

The performances of S  + N  SC Model 1 and Model 2 receivers were compared to 

classical SC and the impacts of correlation, modulation order, fading parameter, 

fading factor and number of diversity branches on the relative performances of S  + N  

SC receivers were studied. It was shown that for Rayleigh fading and with average 

fading power imbalance, classical SC outperforms S + N  SC for small values of average 

SNR.
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Chapter 6

On Decorrelation in Dual-Branch  

D iversity System s

6.1 Introduction

It is well known that correlation between the branches of a dual diversity system 

has a deleterious effect on the performances, outage and average error rate, of the 

diversity system [32], [55], [56]. Meanwhile, space restrictions may dictate that only 

correlated diversity branches are available in an application; this is particularly true 

for a handheld wireless unit. In these cases, correlated dual branches are employed 

for the gains they provide over a single branch system, even though the gains are re­

duced relative to independent dual branches. Decorrelation of the correlated branches 

might be considered to improve the diversity receiver performance. However, results 

in [57] show that there is no benefit gained from decorrelating correlated branches in 

an optimal maximal ratio combining (MRC) diversity system . The question remains 

as to whether the performances of other diversity combining schemes such as selec­

tion combining (SC), switch-and-stay combining (SSC), square-law combining (SLC) 

and equal gain combining (EGC) can be improved by employing decorrelation. In

124

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



this regard, complexity plays a crucial role. In general, performing a decorrelation 

of correlated diversity branches requires complex measurement of channel state in­

formation for the diversity branches in order to determine the parameters needed to 

implement complex matrix transformations to effect the decorrelation. Overall, the 

system becomes more complex than a MRC diversity system, requiring more channel 

estimation and more signal processing than an optimal MRC system. Thus, MRC is 

simply to be preferred and decorrelation is impractical.

In the special case of dual diversity, however, decorrelation can be easily and eco­

nomically implemented using simple addition and subtraction of the correlated signals 

without any channel state information, regardless of the value of the correlation co­

efficient between the branches, provided that the channels have the same average 

power. If the fading is Rician, or complex Gaussian, the decorrelated branches are 

independent branches, albeit of different mean powers. The addition of simple, eco­

nomical adder circuits as signal pre-processing ahead of SC, SSC or EGC diversity 

combining is both practical and consistent with the otherwise simple and economical 

implementations of these diversity combining schemes. In this chapter, we examine 

the use of decorrelation pre-processing with SC, SSC and EGC diversity schemes. 

The results will show that in the case of dual branch diversity with branches of equal 

mean powers, decorrelation pre-processing offers worthwhile performance enhance­

ment at little additional cost for SC and SSC diversity systems, but has no value in 

MRC, EGC and SLC systems.

Many researchers have analyzed the performance of dual-branch diversity systems 

in independent and correlated fading channels employing several combining schemes 

such as MRC, EGC, SC and SSC [32], [55], [56], [58]- [67]. The performance of 

coherent as well as noncoherent and differentially coherent modulation methods have

125

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



been analyzed in dual-branch diversity systems. For example, Simon and Alouini 

presented a unified performance analysis of digital communication systems with dual­

branch selective combining diversity over correlated Rayleigh and Nakagami-ra fading 

channels [55]. In this chapter, we propose a simple decorrelator dual-branch diversity 

receiver structure and we show that the performance of this receiver with SC and SSC 

is superior to the performance of a conventional SC and SSC receiver, respectively, 

in correlated Rician and Rayleigh fading.

We assume that the branches have the same average fading power and the branches 

are generally correlated with correlation coefficient p. Slow, flat fading is assumed. 

In the decorrelator receiver the branches are first decorrelated and then diversity 

combining is performed on the decorrelated branches. It is shown that to decorrelate 

the incoming signals, the receiver does not need any information about the signals 

and the decorrelation can be easily done by adding and subtracting the signals on the 

two diversity branches. Important performance measures such as the mean output 

signal-to-noise ratio (SNR), outage probability, average symbol error rate (SER) and 

average bit error rate (BER) of several modulation schemes of practical interest are 

computed for each combiner. The performance of the decorrelator diversity receiver 

with SC and SSC is compared to the performance of the conventional SC and SSC 

receiver, respectively, and it is shown that the decorrelator receiver has superior 

performance in terms of the average BER, outage probability and mean output SNR. 

For example, for binary phase shift keying (BPSK) and at an average BER of 10-4, 

the SNR improvement of the decorrelator receiver over the conventional receiver is 

as much as 2.1 dB in correlated Rician fading. The effects of modulation order, 

correlation and the severity of fading on the relative performances of the conventional 

and the decorrelator receivers are examined. We note that using the results of [57],
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C om biner

r.2
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Figure 6.1: The structure of the dual-branch decorrelator receiver.

one can show that the performance of the decorrelator receiver and the conventional 

receiver with MRC are identical. In this paper we show that the performance of the 

decorrelator receiver and the conventional receiver are also equivalent when SLC is 

employed at the receiver. For EGC, we show that the performance of the decorrelator 

receiver is inferior to the performance of the conventional receiver.

The remainder of this chapter is organized as follows. The system model is pre­

sented in Section 6.2. The performances of the decorrelator receiver with SC and SSC 

are discussed in Sections 6.3 and 6.4, respectively. In Section 6.5, it is proven that 

the performance of the decorrelator and the conventional receiver with SLC is iden­

tical. The performances of the two receivers with EGC are compared in Section 6 .6 . 

In Section 6.7, some numerical examples are presented and the performances of the 

conventional and the decorrelator receiver are compared. Finally, some conclusions 

are given in Section 6 .8 .
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6.2 System  M odel

The structure of the decorrelator receiver is shown in Fig. 6.1. Let rq and r 2 de­

note the received base-band equivalent signal samples at the first and second branch, 

respectively, given by

rq =  Gix + Ni  (6.1)

T 2 — G2£ +  iV2. (6-2)

In (6.1) and (6.2) x  is the data symbol sample, Gi,i  =  1 ,2  axe the complex channel

gains and Ni, i  = 1,2 are independent complex additive white zero-mean Gaussian

noise samples with variance No/ 2 per dimension. We assume that the fadings on the 

branches are identically distributed and the instantaneous and average signal-to-noise 

ratios on each branch are given by 7  and 7 , respectively.

Let the fadings on the branches be slow and frequency flat Rician, correlated with 

correlation coefficient p. It is useful in the subsequent development to represent the 

channel gains as (3.28), which we repeat here for the sake of completeness as

Gi  — yj  1 — pXi  +  y/pX  0 +  u\ +  j ( \ / l  — pYi +  ^/pYo +  F2), * — 1,2 (6.3)

where 0 <  p < 1 and X{ and Y{ are independent zero-mean Gaussian RVs with

variance a2 =  f2/(2(K + 1)), and where K  =  (xf +  ^ |) /(2 cr2) is the Rician factor.

Signal samples r\ and r 2 are input to the decorrelator. The outputs of the decorrelator,

denoted as w\ and ic2, are given by

77 +  r 2 Gi + G2 N\ + N% A A tc a\
Wi  =  (6 -4)

f'x — h2 G \  — G 2 N i — iV2 A ( ^

W2 =  ~ 7 T  = +  ~ J T  =  A21 +  ”2' (6'6)

Since g\ and g2 are complex Gaussian RVs, one can see from the definition of Ai 

and A2 that these are also complex Gaussian RVs. Furthermore, one can show that
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Ai and A2 are uncorrelated and thus independent. Similarly, one can prove that the 

noise terms v\ and V2 are mutually independent Gaussian RVs with variance N 0/2 

per dimension. Furthermore, it can easily be shown that the noise components v\ 

and v2 are independent of each other and also independent of the signal components 

in W\ and W2 - Thus, the decorrelator transforms the two correlated branches into 

two independent branches. The outputs of the decorrelator are input into a diversity 

combiner. In the sequel, we analyze the performance of the decorrelator receiver in 

conjunction with SC and SSC. Important performance measures such as the mean 

output SNR, outage probability and average SER and average BER of several mod­

ulation formats are examined.

Let 71 and 72 denote the instantaneous SNR for uq and uq, respectively. Then, one 

can show that the CDF of 71 and 72 are given by

6.3 Selection  C om bining

In selection combining the branch with the largest SNR is chosen for data detection.

1 - Q 1 w (6 .6 )

and

(6.7)

respectively. Examination of (6 .6 ) shows that (6.4) corresponds to a Rician faded 

branch w ith average fading power

^ ( l  + p + 2 K ) / ( l  + K) (6 .8)
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and Rician factor 2K/(1 + p). Similarly, one can see from (6.7) that (6.5) corresponds 

to a Rayleigh faded branch with average fading power

7(1 -  p ) /( l  +  K).  (6.9)

6.3.1 Output SN R  CDF

Noting that the two branches after decorrelation are independent, the CDF of the 

output SNR can be written as the product of the CDF of the SNRs of the individual 

branches. Thus, using (6 .6 ) and (6.7), the CDF of the decorrelator receiver with SC, 

Flysc (x) , can be calculated as

6.3.2 Output SNR PD F

Differentiating (6.10) with respect to x, using (3.59) and after some algebraic simpli­

fications, the PDF of the output SNR is obtained as

a s o w  =  ( - f o r = r i 9 1 1 - 131

+ 4^ ( 1- exp I exp I - f + - )  (6.11)

1 4 K /2(1 + K ) x
1 + P ' \ 1 7 (1  +  p)

2 K (1 +  K ) x
1 + p 7(1 + p) .7(1 + p) \  _V 7(1 - p )

T (  [SK{1 + K) x

6.3.3 Output SNR MGF

A closed-form expression for the MGF of 7sc can be obtained as
/ \ 1 + K  (  2K^s

$sc(s) =  -r n ? — v exP1 +  K  — S7 (l +  p) \1  +  K  -  57(1  +  p)
7 s (l -  p)2(l +  K)   f  2K(1 +  K  -  37(1  -  p))

/ o  1 n r /  - l - \  9 \ \ / i  1 ts —Pi \(2 +  2K -  37(1  -  p2))(l + K -  37(1  - p )  2 +  2K -  37(1  -  p2)

(6 .12)
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6 .3 .4  M ean  O u tp u t S N R

The average output SNR can be obtained from the MGF using

d$sc(s)
7sc = ds s=o

(6.13)

Substituting (6.12) in (6.13) and after some mathematical simplifications, we obtain 

the average output SNR as

7 (1  +  p +  2 fT) 7 (1  — p2) . . . .
-  i l k -  + w r U  eM-K)- ( 6 ' 1 4 )

For conventional dual-branch SC, similar to the procedure in [20, Section V.C], the 

mean output SNR in correlated Rician fading can be calculated as a two-dimensional 

integral given by

2(1 + k )  (  k \  r  r  / ,  r ,  l  r ^ y  p u + i o *  
7SC=W 7 ) expF 7 H  L x I1-0, V w 'V laT F

* { J w ^  -  7 $ )  * i i W ¥ )  i f ¥ ) ixdv-
(6.15)

Note that one can easily calculate the double integral in (6.15) using the Gauss- 

Laguerre formula [68].

6.3.5 Average Error Rate

One could either use
poo

P e =  /  P , { e h ) h c ( l ) d r  (6.16)
JO

or
poo

P ,  =  -  P ' M ^ F w h ) ^  (6.17)
Jo

to calculate the average SER of various modulation techniques. However, because 

(6.10) is more compact than (6.11), we use (6.17) to calculate the average SER of
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various modulation formats in the sequel. We note that, one could also use the MGF- 

based approach given in [12] to derive the average SER. As shown in [12] the main 

step in using the MGF-based approach is expressing the MGF of the combiner output 

in a form that is both simple and suitable for single integration. Since the MGF of 

the output combiner has been already derived in (6.12), we can use it to obtain the 

average SER using the methodology given in [12]. In the sequel, we use (6.17) and the 

MGF-based approach to derive the average SER of various modulation techniques of 

practical interest.

1) For coherent BFSK and MPAM the static SER is given in (2.19). Substituting 

(2.19) in (6.17), the average SER becomes

p-=i ^ r ^ ew( - i2bi) F̂ ' i)dr ( 6 - i 8 )

where (a, b) =  (1,2) for BPSK, (a,b) =  (1,1) f°r coherent BFSK and (a, b) — 

(2(M  -  1 )/M , 6 /(M 2 -  1)) for MPAM.

2) For QPSK, MQAM, MSK and coherently detected DPSK, the static SER is given 

in (2.21). Substituting (2.21) in (6.17), we obtain the average SER as

p ,  =  ^ l  ^ e^ ^ ) ( f " c° ( ^ ) ) ^ “ ( 7 ) d 7 ' (6,19)

where (a, b, c) =  (2,2,1) for 4PSK or MSK, (a, b, c) =  (2,2,2) for coherently de­

tected DPSK and (a, 6, c) =  (~ t |P ^ >  for MQAM. Substituting

(2.21) in (6.17), we obtain the average SER as

3) For 7r/4-QDPSK and noncoherent correlated BFSK, the static SER is given in 

(2.23). Substituting (2.23) in (6.17), the average SER in this case can be obtained 

using

P,  =  A l l !  j f ”  exp ( - (a2+2 i’2)T)  h  (abj) F7sc(7)dj.  (6.20)
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where (a, b) =  ( \ / 2 -  \/2, \ /2  +  \/2) and (a, 6) = (y y 1~n/21+a2) for 7r/4-

DQPSK and noncoherent correlated BFSK, respectively, and where A is the cor­

relation between the binary signals in noncoherent correlated BFSK.

Alternatively, using the MGF-based method, the average SER can be obtained by 

calculating

P- = s / > ( - 2 (1+% ! (6-21)
where (  = a/b.

4) Using the MGF-based approach, the average SER of MFSK can be obtained as

- n q p  z y
^  n + 1 \ n + l jn— 1 N '

Again, using the MGF-based approach, one can derive the average BER of non­

coherent BPSK and DBPSK as

Ps =  a<Fsc (b) (6.23)

where (a, b) =  (1/2,1/2) for noncoherent BPSK and (a, b) = (1/2,1) for DBPSK, 

respectively.

6.3.6 Outage Probability

The outage probability, Pout, is the probability that the instantaneous output SNR 

falls below a given threshold j t h  and is given by

Pout =  Pr(7sc <  1 t h )  =  F l s c ( i t h ) .  (6.24)

Using (6.10), the outage probability can be easily computed as

= 0  -  »p ( - ^ ^ ) )  (* -  «> (0? 0W))  ■ ( 6 - 2 5 )

The results in this section will be used to examine the performance of dual selection

combining with decorrelation in Section 6.4.
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6.4 Sw itch-and-Stay C om bining

The structure of the SSC receiver was introduced in Section 2.2. Similar to Section 

2.2, we denote the output SNR of the SSC receiver at time t  =  n T  as 7 ssc- Then, 

7 ssc(™) can be written as [17, eq. (3)]

7ssc(n) =  7 i(n) iff'
7 s s c ( w - 1 )  = 7 i ( n - 1 )  7 i ( n ) — I t

l ssc(n  -  1) =  72(n -  1) 72(n) < 7 t  

7 ssc(n ) =  72 (n), as above with interchanging 71 and 72 .

(6.26a)

(6.26b)

In the following sections, we obtain the output SNR CDF, output SNR PDF and the 

output SNR MGF of the decorrelator receiver with SSC in correlated Rician fading.

6.4.1 Output SN R  CDF

Following the analysis in [14], one can obtain the CDF of the output SNR as 

f F71( 7 t ) ^ ( 7 t )

tffcsc (3;) <

F 7 i ( j t ) +  F 7 2 ( 7 t )

(7t )-F72(7t)

(■^71 ( x )  ”1" -^72 (•c ) )  >

( F 7l  ( x )  +  F 72 ( x )  2 )

x < j T

(6.27)

Fyi(jT) -h Fy2( jT)
, F 7 i ( 7 t ) F 7 2 ( x ) +  F 7 i ( x ) F 7 2 ( j t )

F7i(7 t) +  F72(1t ) 

where F7l(-) and F72{-) are defined in (6 .6 ) and (6.7), respectively.

£ >  7t
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6.4.2 Output SNR PD F

The PDF of the output combiner can be obtained from the combiner output CDF by 

differentiation as
F7i (7t )F72(7t )

F"/sscix ) ^

F 7 i ( 7 t )  +  F 7 2 ( t t )
CM®) + M®)) > x  <  I t

(M®) + M®))
(6.28a)

F 71 ( 7 t )  +  F 72 ( y T )

, Fn M U ( x )  + U i x )F12M
x > 1 tFj i M  +  F72(7r)

where / 7l(-) and / 72(-) are the PDFs of 71 and 72 and are calculated using (6 .6 ) and 

(6.7) as

2 K  (1 + K) x ', . 1 +  K
fyi (x > = r-./-. ■ exP I “7(1 + p) 1 + p 7 (1 +  P)

h
!8K(1 + K ) x  

7(1 + p)2

and

/ 7 i W . i i ± 4 e x p t
7(1  -  p) 7(1 -  p)

(6.28b)

(6.28c)

respectively.

6.4.3 Output SNR M GF

Similar to the analysis in the previous section, taking the Laplace transform of (6.28a), 

we obtain a closed-form expression for the MGF of the output SNR as

^>ssc(s ) — Hi(s,  1t)G{p(t)  +  (1 — G('1t))H2{s,  7 t)  

where G(7 r ), Hi(s,  77O and # 2(5 , 7 t )  are defined as

G M -  F’,' M

 ̂ (1 +  K)
Hi (s ' 1 t ) -  i + K - s i i r r p )

F y i (  I t )  +  F l 2 { l T y

x
, ~fT(l + K ) \  (  7r(l + K  — s7(l — p))

1 — exp — — ------— +  exp '
7(1 -  P) 7 (1  -  p)

(6.29a)

(6.29b)

(6.29c)
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and

# 2(s,  7 t )  —
l + K

1 +  K  — S7(l +  p) 

+ Q\

exp
2sK~/

K  + 1 -  s y ( l  +  p) ( I t )

AK(K + 1) 12 7 ^ (1  +  K  -  S7(l +  p)
( l  +  p ) ( l  +  K - S 7 ( l  +  p ) ) ’ 7(1 +  P)

(6.29d)

respectively.

6.4.4 M ean Output SNR

Using the MGF in (6.29), and after tedious mathematical manipulations, the mean 

output SNR is derived as

(1 +  p +  2K)^
7ssc =  G(7r) ( ^ f1, ■£ )  +  7 t  e x p  ( )  ) +  I 1  _  g ( t t ) )

+ exp

l  + K  

(1 +  K )1t  2 K

7(1  -  p) l + K

7(1  +  p)  1 +  p I t Iq
'8K(1 +  K )1t

7 ( 1  +  p )2

2'yK'jTj ( /8K(1 + K ) ^ T
l + K 7 (1 + p y

(6.30)

Note that the mean output SNR is dependent on the switching threshold 7 t - An op­

timum switching threshold that maximizes the average output SNR can be computed 

by finding the root of

djssc/d' jT = 0. (6.31)

6.4.5 Average Error Rate

Similar to the analysis in the previous section, one can obtain the average SER of 

SSC with various modulation schemes of practical interest. For example, the average
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SER of noncoherent MPSK can be obtained as
M —l

71= 1 n +  1 n +  1
(6.32)

Note that the average SER is a function of the switching threshold. An optimum 

switching threshold that minimizes the average SER can be obtained by finding the 

root of dPs/d/yT = 0. For example, for noncoherent MFSK the optimum switching 

threshold is the root of
M - l  , - i \ n + l / M - l \

 \  n J _ &

71=1
n +  1 ssc

n
n +  1

0. (6.33)

In (6.33), $ ssc(’) derivative of +ssc(-) with respect to 7 t  and can be calculated 

as

®ssc( s ) = + (1 — +  G'(7T)[i7i(s, 7 t)  — H 2(s, 'yT )\

(6.34a)

where G'(7x), H((s,~/T ) and H[(s , ^ fT ) are the derivatives of (6.29b), (6.29c) and 

(6.29d) with respect to 7T and are given by

/71 -  f'y2('jT)Fji ( I t )

H[(s, 7 t )  =

G \ l r )

(l + K)

(F7i (7 t )  +  E72(7 t ) ) 2

1 +  K  — S7 (l — p) 

(1 +  K  -  S7 (l -  p))

(l + K)  (  7 r ( l  +  K)  exp '
7(1 - P )  " V  7(1 - P )

7 r ( l  + K  -  57(1  -  p))

and

H f a tyr) =

7 (1  -  p) 

l + K

exp

exp

7 (1  -  p) 

2sK+

(6.34b)

(6.34c)

f ~ n M(l + K  -  S7 (l +  p) \ ( K  + 1 -  S7 (l +  p))

(l + K - s 7 ( l  + p) /8 K (K  +  l)7r \
7(1 + P) V 7(1 + P? )

2 K ( K  + 1) 7T(1 +  K  -  57(1  +  p)
x exp

(l +  p)(l +  K  - s j ( l  + p)) 7(1 +  p)

(6.34d)

137

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



respectively. Note that, in general, the optimum switching threshold that minimizes 

the average SER, is different from the optimum switching threshold that maximizes

the average output SNR. The results of this section are used in Section 6.7 to examine

the performance of SSC diversity with decorrelation.

6.5 Square-Law C om bining

In this section, we show that the performances of the decorrelator receiver and the 

conventional receiver are identical when the combining scheme is SLC. In SLC, the 

receiver bases it decision on the summation of the outputs of the square-law detectors. 

For the conventional and the decorrelator receiver, the decision output statistics are 

given by

Di = \n\2 + \r2\2 (6.35)

and

D2 = \wi\2 + \w2\2 (6.36)

respectively. Let

r\ =  x i + j y i  (6.37)

r2 =  x 2 + j y 2. (6.38)

Then it is easy to show that Di = x\  +  x\  + y\  +  y\. Substituting (6.4) and (6.5) in

(6.36), and using (6.37) and (6.38), one can show that D2 = D\.  This proves that

the performances of the decorrelator and conventional SLC receivers are identical.
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6.6 Equal G ain C om bining

In this section, we prove that the mean output SNR of the decorrelator receiver is 

less than the mean output SNR of the conventional receiver when EGC is employed. 

For the conventional receiver, using the approach of [69], one can show that the mean 

output SNR is given by

Note that (6.39) corrects [69, eq. (36)]. For K  =  0, the mean output SNR is given as

where 2F\ (a, b; c; z) is the Gauss hypergeometric function defined in [19, eq. (9-100)]. 

For the decorrelator receiver, one can show that the mean output SNR is given by

Comparing (6.40) with (6.42), one can prove that for Rayleigh fading the mean output 

SNR of the decorrelator receiver is always less than the mean output SNR of the 

conventional receiver. For Rician fading, Fig. 6.2 shows the normalized mean output 

SNRs (7egc/ 7) of the decorrelator receiver and the conventional receiver as a function

dz.

(6.39)

7 e g c  =  7 ( 1  +  t - 2- F i ( (6.40)

7 e g c  =  7  1  +

(6.41)

which, in the case of Rayleigh fading (K  =  0), reduces to

(6.42)
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of p for several values of K.  Pig. 6.2 shows that the mean output SNR of the 

decorrelator receiver is less that the mean output SNR of the conventional receiver 

for all values of p. Thus, one can conclude that the performance of the decorrelator 

receiver with EGC is inferior to the performance of the conventional EGC receiver. 

An interesting behaviour shown in Fig. 6.2 is that the mean output SNR of the 

decorrelator EGC receiver decreases as K  increases while the mean output SNR of 

the conventional EGC receiver increases as the channel becomes less faded. We also 

note that numerical results show that when K  approaches infinity (6.39) approaches 

2 j  while (6.41) approaches 7 .

6.7 N um erical E xam ples

In this section, we give some numerical examples to compare the performance of 

the decorrelator SC and SSC receivers with conventional SC and SSC receivers, re­

spectively. Fig. 6.3 shows the average BER of BPSK for the conventional and the 

decorrelator SC receivers as a function of the average SNR per bit per branch in cor­

related Rician fading with p =  0.55 and for several values of K  = 0, 5 and 10. Note 

that for K  =  0, which corresponds to Rayleigh fading, the performance of the two 

receivers are almost identical and the decorrelator receiver performs slightly better 

than the conventional receiver for small values of SNR. However, in Rician fading, the 

performance of the decorrelator receiver is significantly better than the performance 

of the conventional receiver and the performance improves as the channel becomes 

less faded ( K  increases ). For example, Fig. 6.3 shows that for K  — 10 and for 

an average BER of 10~3, the average SNR difference between the conventional and 

the decorrelator receiver is 2.1 dB. Fig. 6.4 studies the effect of correlation on the
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relative performance of the conventional and the decorrelator receiver in correlated 

Rician fading with K  — 5 and 10 for p =  0.1,0.4 and 0.8. Fig. 6.4 shows that 

the decorrelator receiver outperforms the conventional receiver for the whole range of 

SNR. For example, at an average BER of 10“4, the SNR gain of decorrelator receiver 

over the conventional receiver is 0.77 dB, 0.54 dB and 0.63 dB for p = 0.1, p = 0.4 

and p =  0.8, respectively.

The outage probabilities of the conventional and the decorrelator SC receivers in 

correlated Rician fading are plotted in Figs. 6.5 and 6.6 for several values of K  and 

p as a function of the normalized threshold SNR. Both figures show that the outage 

probability of the decorrelator receiver is much less than the outage probability of the 

conventional receiver. For example, Fig. 6.5 shows that for a normalized threshold 

SNR of -4 dB and for K  = 10, the outage probability of the conventional and the 

decorrelator receiver are 0.0115 and 0.0019, respectively which means that the outage 

probability of the decorrelator receiver is one-sixth of that of the conventional receiver. 

Note also that Fig. 6.5 indicates that as K  increases and for a given normalized 

threshold SNR, the difference between the outage performance of the two receivers 

increases.

In Fig. 6.7 the mean output SNR of the conventional and the decorrelator SC 

receivers in correlated Rician fading with p = 0.5 have been plotted for several values 

of K  — 0,5 and 10. Fig. 6.7 indicates that unlike the conventional SC receiver where 

the mean output SNR decreases as K  increases *, the mean output SNR increases as

K  increases in the decorrelator SC receiver.

:This behaviour may seem unexpected. However, a similar behaviour is observed and explained 

in [60].
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Fig. 6.8  shows the average BER of QFSK with the conventional and the decor­

relator SSC receiver as a function of average SNR per bit per branch in correlated 

Rician fading with p -- 0.6 and K  — 0,5 and 10. To plot the curves in Fig. 6 .8 , 

for each value of SNR, the optimum switching threshold the minimizes the average 

BER has been used. Fig. 6 .8  shows that the performance of the decorrelator receiver 

is superior to the performance of the conventional receiver and the performance gap 

increases as K  increases. For example, at an average BER of 10~4 the SNR gap 

between the conventional and the decorrelator receiver is 2.83 dB and 1.11 dB for 

K  = 5 and K  =  10, respectively. For K  =  0, the performance of the two receivers 

are almost identical for moderate to large values of average SNR. For small values of 

average SNR, however, the decorrelator receiver performs slightly better.

The dependence of the average BER of QFSK with the decorrelator receiver in 

correlated Rician fading, on the switching threshold is studied in Fig. 6.9 for several 

values of 7  and p. Fig. 6.9 shows that for a fixed 7 , the optimum switching threshold 

increases as p decreases. This is similar to the dependency of the conventional SSC 

receiver found in [32, Fig. 4]. Fig. 6.9 also indicates that for a fixed p, the optimum 

switching threshold increases as 7  increases, which is again similar to the behaviour 

of the conventional SSC receiver found in [32, Fig. 4]. Despite these similarities, 

comparing Fig. 6.9 with [32, Fig. 4] shows that the average BER of the decorrelator 

receiver is more sensitive to the changes in switching threshold than the conventional 

SSC receiver, particularly for small values of 7 .

The effect of modulation order M  on the average BER of MFSK with the decor­

relator and the conventional SSC receiver is studied in Fig. 6.10 for several values 

of M  = 2 ,4  and 16. Again, similar to Fig. 6.10, for each SNR value, the optimum 

switching threshold that minimizes the average BER is computed. Fig. 6.10 shows
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that for a given average BER the performance gap between the two receivers does 

not change significantly with M.  For example, at an average BER of 10~3, the SNR 

gap between the two receivers is 1.44 dB, 1.05 dB and 1.19 dB for M  — 2, 4 and 16, 

respectively.

Finally, the mean output SNRs of the conventional and the decorrelator receiver 

with SSC in correlated Rician fading with K  = 10 are compared in Fig. 6.11 for 

several values of correlation p =  0.15,0.45 and 0.75. Fig. 6.11 shows that unlike the 

conventional SSC receiver and for a fixed average SNR, the mean output SNR of the 

decorrelator SSC receiver increases as the channel becomes less faded. Fig. 6.11 also 

indicates that mean output SNR of the decorrelator receiver is much larger than that 

of the conventional receiver. For each value of average SNR in Fig. 6.11, the optimum 

switching threshold that maximizes the mean output SNR has been computed. These 

optimum switching thresholds have been calculated by obtaining the roots of (6.31) 

numerically. Fig. 6.11 shows that the mean output SNR of the decorrelator SSC 

receiver is less sensitive to the changes in the correlation than the mean output SNR 

of the conventional SSC receiver for small to medium average SNR.

An interesting behaviour evidenced in Figs. 6.4, 6.6 and 6.11 is that the per­

formance of the decorrelator receiver improves with increasing correlation coefficient 

while that of the conventional receiver degrades with increasing correlation coefficient. 

This happens because the correlation increases the SNR of the stronger decorrelated 

branch (see eq. (6.8)) while decreasing the SNR of the weaker decorrelated branch 

(see eq. (6.9)), so th a t the effective SNR of the selected branch generally improves 

with increasing correlation.
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Figure 6.2: The normalized mean output SNRs of the conventional and decorrelator 

EGC receivers as a function of the correlation, p, for K  = 3,6 and 9.
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Figure 6.3: The average BER of BPSK for the conventional and decorrelator SC 

receivers as a function of the average SNR per bit per branch in correlated Rician 

fading with p = 0.55 for K  = 0, 5 and 10.
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Figure 6.4: The average BER of BPSK for the conventional and the decorrelator SC 

receivers as a function of the average SNR per bit per branch in correlated Rician 

fading with K  =  5 for p =  0.1, 0.5 and 0.9.
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Figure 6.5: The outage probability of conventional and decorrelator SC receivers as 

a function of the average SNR per branch in correlated Rician fading with p = 0.5 

for K  = 0,5 and 10.
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p =  0.1,0.4 and 0.8.
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Figure 6.8: The average BER of QFSK for the conventional and decorrelator SSC 

receivers in correlated Rician fading with p =  0.6 for K  = 0,5 and 10.

150

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



 p =  0.1

—  p =  0 .5

—  p =  0 .9

-2

Yt  =  0 .69____  . -  • '

*  »  , 
 * I t
 Yt-=.  -----

y = 15 dBDCUJ
CO

3.48

0><
-4

Yt  =  4 .3 2

dB;.44

-7

Switching Threshold y.
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and 0.9 for 7  =  10,15 and 25 dB.
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Figure 6.10: The average BER of MFSK for the conventional and the decorrelator 

SSC receivers in correlated Rician fading with p =  0.6 and K  — A for M  =  2,4 and 

16.
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Figure 6.11: The average output SNR of the conventional and the decorrelator SSC 

receivers as a function of the average SNR per symbol in correlated Rician fading 

with K  — 10 for p =  0.15, 0.45 and 0.75.
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6.8 C onclusion

The benefit of implementing decorrelation prior to the employment of SC and SSC di­

versity was analyzed in correlated Rayleigh and Rician fading channels for dual-branch 

diversity. The performance of a dual-branch decorrelator receiver in conjunction with 

SC and SSC was analyzed in correlated Rayleigh and Rician fading channels. Im­

portant performance measures such as the average BER of several modulations of 

practical interest, mean output SNR and outage probability were computed for each 

diversity receiver. It was shown that the performances of the decorrelator SC and 

SSC receivers are superior to the performances of the conventional SC and SSC re­

ceivers in correlated Rician fading, respectively, and that the average SNR gain can 

be as much as 2.83 dB. Similarly the outage probability of the decorrelator receiver 

was shown to be reduced by as much as one-sixth relative to the outage probability 

of the conventional receiver in some scenarios.
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Chapter 7

Conclusion

In this chapter, we summarize the contributions of this thesis. We also give some

suggestions for future research.

7.1 C onclusions

1. The performance of dual-branch SSC in correlated Rician fading channels was 

studied. Analytical expressions for the average SER of various modulation formats 

of practical interest, outage probability and mean output SNR were derived.

2. The performances of two-dual branch postdetection SSC receivers in correlated 

Rayleigh and Rician fading channels were analyzed. For each receiver structure 

analytical expressions were derived for the average BER and average SER of non­

coherent BFSK and noncoherent MFSK in correlated Rayleigh and Rician fading. 

These analytical expressions are obtained in closed-form and are easy-to-compute. 

For Rayleigh fading, the impact of fading power imbalance on the performance of 

postdetection SSC receivers was studied.

3. The effects of important parameters, such as the correlation coefficient, fading
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power imbalance and fading factor, on the performances of postdetection SSC 

receivers were analyzed.

4. The performances of predetection and postdetection SSC receivers were compared. 

It was shown that postdetection SSC outperforms predetection SSC for any given 

average SNR.

5. The performances of two S  + N  SC receivers with noncoherent MFSK and nonco­

herent BFSK in i.n.d Rician, Nakagami and Rayleigh fading channels were com­

puted as single integrals with finite integration limits. The performances of S  + N  

SC receivers were compared with the performance of classical SC and it was ob­

served that, unlike as suggested by previously published results, the performances 

of S  +  N  SC receivers are not always superior to the performance of classical SC.

6. It was shown that increasing the number of diversity branches in a S  + N  SC 

receiver does not decrease the average SER if the system is operating in the low 

SNR regime.

7. Tractable analytical expressions have been derived for the average SER of non­

coherent BFSK and noncoherent MFSK with L branch S + N  SC in correlated 

Rician fading. The performances of S  +  N  SC receivers in correlated Rayleigh 

fading were also studied. The correlation model used for Rayleigh fading is more 

general than the equally correlated case and includes it as a special case.

8. The effects of important measures such as correlation and average power decay 

factor on the performances of S  + N  SC receivers were studied.

9. A new dual-branch decorrelator receiver was introduced and its performance in
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correlated Rician fading was analyzed. It was shown that the decorrelation pro­

cess does not require knowledge of the fading statistics and can be performed 

by the addition and subtraction of the incoming signals. It was shown that the 

decorrelator receiver, when combined with classical SC and SSC, can improve the 

system performance by as much as 2.83 dB in SNR.

10. The outage probability and the mean output SNR of the SC and SSC decorrelator 

receivers were computed and it was shown that the outage probability of the decor­

relator receiver can be reduced by as much as one-sixth of the outage probability 

of the conventional SC and SSC receivers.

11. The performance of SLC and EGC when combined with the decorrelator receiver 

were analyzed and it was shown that for SLC, the decorrelator and the conventional 

receiver have the same performance. For EGC, it was proved that the decorrelator 

receiver has negative benefit and its performance is inferior to the performance of 

the conventional receiver.

7.2 Suggestions for Future R esearch

1. Recently, there has been much interest in the performance of generalized selec­

tion combining (GSC) diversity systems where a subset of diversity branches are 

selected for processing [70]- [79]. In all these GSC systems, the criterion used 

to select a branch is a function of the SNRs on the branches. In a GSC diver­

sity system, from the available L  branches, Lc branches are chosen whose SNRs 

satisfy the system requirement. For example in hybrid-selection/maximum ratio 

combining (H-S/MRC) the Lc branches having the largest SNRs are chosen and 

combined using a maximum ratio combiner. This requires the receiver to estimate
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the channel gains on all the diversity branches. For coherent modulation formats, 

the receiver needs these estimates for data detection. For example in MRC, the 

branches are co-phased and weighted proportional to their SNRs to form the output 

statistics. For noncoherent and differentially coherent modulations, the informa­

tion of the channel gain is only used to choose the branches and is not used in 

the data detection process. For noncoherent modulation formats, the Lc branches 

having the largest SNRs are combined using an equal gain combiner. We refer to 

these combining systems as SC/EGC in the sequel. Note that the performance 

of SC/EGC in i.i.d and i.n.d fading channels has been well studied in the litera­

ture. For example, in [79] the authors have derived the performance of SC/EGC in

i.n.d generalized fading channels for binary noncoherent and differentially coherent 

modulation formats.

Instead of using the SNR on the branches as a measure of choosing a branch, one 

may select a branch whose matched filter output satisfies a given condition. For 

example, as shown in the previous sections, in S  + N  SC, the branch having the 

largest sample at the output of the matched filter is chosen for data recovery. This 

combining technique will alleviate the need for estimating the channel gains. Now 

consider a noncoherent or differentially coherent system where the Lc branches 

having the largest matched filter outputs are selected and combined using EGC to 

form the output statistics. We refer to this combining scheme as S + N / EGC.

Although the performance of SC/EGC systems is well studied in the literature, 

there is little work on the performance analysis of S + N / EGC systems in fading 

channels [80]. In [80], the average BER of a M -ary orthogonal NCFSK with S  +  

N / EGC is studied in L branch i.i.d Rayleigh fading channels where for each of the 

M  hypothesis, the receiver combines the L c largest outputs among the L available
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square-law detectors. The results in [80] are limited to the case of i.i.d Rayleigh 

fading channels. Furthermore, no comparison between S  + N /EG C and SC/EGC 

is given in [80]. An investigation of the performance of M -ary noncoherent NCFSK 

with S  + N / EGC in i.n.d fading channels is needed. Other fading models such as 

Nakagami-m and Rician fading can be considered. In addition, it is of interest to 

study the performance of S  +  iV/EGC receivers in correlated fading channels.

2. The performance of the decorrelator receiver was examined when the branches are 

identically distributed. A topic for future research is to study the performance of 

the dual-branch decorrelator receiver when there is average fading power imbal­

ance.

3. The performance of S  +  N  SC receivers was analyzed in equally correlated Rician 

fading channels. It is of interest to study the performance of S  +  N  SC receivers 

when the correlation model is more general than the equally correlated case.

159

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



References

[1] D. G. Brennan, “Linear Diversity Combining Techniques,” Proc. of the IRE , 

vol. 46, pp. 1075-1102, Jun. 1959.

[2] B. Sklar, “Rayleigh Fading Channels in mobile Digital communication systems 

part I : Characterization,” IEEE Commun. Magazine, vol. 35, pp. 90-100, Jul. 

1997.

[3] B. Sklar, “Rayleigh Fading Channels in mobile Digital Communication Systems 

Part I I : Mitigation,” IEEE Commun. Magazine, vol. 35, pp. 102-109, Jul. 1997.

[4] G. L. Stuber, Principles of Mobile Communication, 2nd ed. Norwell, MA: 

Kluwer Academic Publishers, 2001.

[5] W. C. Jakes, Microwave Mobile Communications. New York: IEEE press, 

reprint, 1974.

[6] J. D. Parsons, The Mobile Radio Propagation Channel, 2nd ed. New York: 

McGraw-Hill, 2000.

[7] E. A. Neasmith and N. C. Beaulieu, “New Results on Selection Diversity,” 

IEEE Trans. Commun., vol. 46, pp. 695-704, May 1998.

[8] J. M. Wozencraft and I. M. Jacobs, Principles of Communication Engineering. 

New York: John Wiley and Sons, 1965.

160

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



[9] J. K. Cavers and P. Ho, “Switching Rate and Dwell Time in M-of-N Selection 

Diversity,” IEEE Trans, on Wireless Commun., vol. 6, pp. 1218-1223, Apr. 

2007.

[10] J. K. Cavers and P. Ho, “Switching Rate and Dwell Time of Hybrid Selection- 

Maximal Ratio Combining in Rayleigh Fading Channels,” in Proc. IEEE Veh. 

Technol. Conf., Melbourne, Australia, May 2006, vol. 4, pp. 1650-1654.

[11] N. C. Beaulieu, “Switching Rates of Dual Selection Diversity and Dual Switch- 

and-Stay Diversity,” to appear in IEEE Trans. Commun., 2007.

[12] M. K. Simon and M.-S. Alouini, Digital Communication over Fading Channels: 

A Unified Approach to Performance Analysis. New York: Wiley, 2000.

[13] M.-S. Alouini and M. K. Simon, “Postdetection Switched Combining- A Simple 

Diversity Scheme With Improved BER Performance,” IEEE Trans. Commun., 

vol. 51, pp. 1591-1602, Sep. 2003.

[14] Y.-C. Ko, M.-S. Alouini, and M. K. Simon, “Analysis and optimization of 

switched diversity systems,” IEEE Trans. Veh. Technol, vol. 49, pp. 1569- 

1574, Sep. 2000.

[15] C. Tellambura, A. Annamalai, and V. K. Bhargava, “Unified analysis of 

switched diversity systems in independent and correlated fading channels,” 

IEEE Trans. Commun., vol. 49, pp. 1955-1965, Nov. 2001.

[16] A. A. Abu-Dayya and N. C. Beaulieu, “Switched Diversity on Microcellular 

Ricean Channels,” IEEE Trans. Veh. Technol., vol. 43, pp. 970-976, Nov.

1994.

161

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



[17] A. A. Abu-Dayya and N. C. Beaulieu, “Analysis of Switched Diveristy Systems 

of Generalized fading Channels,” IEEE Trans. Commun., vol. 42, pp. 2959- 

2966, Nov. 1994.

[18] M. K. Simon, Probability Distributions Involving Gaussian Random Variables: 

A Handbook for Engineers and Scientists. Boston: Kluwer Academic Publishers, 

2002 .

[19] I. S. Gradshteyn and I. M. Ryzhik, Table of Intergrals, Series and Products, 

6th ed. San Diego, CA: Academic Press, 2000.

[20] Y. Chen and C. Tellambura, “Distribution functions of selection combiner out­

put in equally correlated Rayleigh, Rician, and Nakagami-m fading channels,” 

IEEE Trans. Commun., vol. 52, pp. 1948-1956, Nov. 2004.

[21] J. G. Proakis, Digital Communications, 2nd ed. New York: McGraw-Hill, 1989.

[22] M. Blanco and K. Zdunek, “Performance and optimization of switched diver­

sity systems for the detection of signal with Rayleigh fading,” IEEE Trans. 

Commun., vol. COM-27, pp. 1887-1895, Dec. 1979.

[23] A. Rustako, Y. Yeh, and R. Murray, “Performance of feedback and switch 

space diversity 900 MHz FM mobile radio systems with Rayleigh fading,” IEEE  

Trans. Commun., vol. COM-21, pp. 1257-1268, Nov. 1973.

[24] F. Adachi, T. Hattori, K. Hirade, and T.Kamata, “A periodic switching diver­

sity technique for a digital FM land mobile radio,” IEEE Trans. Veh. Technol, 

vol. VT-27, pp. 211-219, Nov. 1978.

162

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



[25] F. Adachi, “Periodic switching diversity effect on co-channel interference per­

formance of a digital FM land mobile radio,” IEEE Trans. Veh. Technol, vol. 

VT-27, pp. 220-223, Nov. 1978.

[26] H.-C. Yang, M.-S. Alouini, and M. K. Simon, “Average error rate of NCFSK 

with multi-branch post-detection switched diversity,” in Proc. IEEE VEhicular 

Technology Conf. (V T C ’02-Fall), Vancouver, BC, Canada, Sep. 2002, vol. 1, 

pp. 366-370.

[27] M. K. Simon and M.-S. Alouini, “Probability of Error for noncoherent M- 

ary orthogonal FSK With Post-detection Switched Combining,” IEEE Trans. 

Commun., vol. 51, pp. 1456-1462, Sep. 2003.

[28] S. Haghani and N. C. Beaulieu, “Revised Analyses of Postdetection Switched 

Combining in Nakagami-ra Fading,” IEEE Trans. Commun., vol. 53, pp. 1587- 

1594, Sep. 2005.

[29] S. Haghani and N. Beaulieu, “Revised Analyses of Postdetection Switch-and- 

Stay Diversity in Rician Fading,” IEEE Trans. Commun., pp. 1175-1178, Jul. 

2006.

[30] Y. L. Tong, The Multivariate Normal Distribution. New York: Springer-Verlog, 

1990.

[31] V. A. Aalo, “Performance of maximal-ratio diversity systems in a correlated 

Nakagami-fading environment,” IEEE Trans. Commun., vol. 43, pp. 2360-2369, 

Aug. 1995.

[32] S. Haghani and N. C. Beaulieu, “Predetection Switched Combining in Corre­

lated Rician Fading,” to appear in IEEE Trans, on Wireless Commun., 2007.

163

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



[33] G. Chyi, J. G. Proakis, and C. M. Keller, “On the symbol error probability of 

maximum-selection diversity reception schemes over a Rayleigh fading channel,” 

IEEE Trans. Commun., vol. 37, pp. 79-83, Jan. 1989.

[34] R. Annavajjala, A. Chockalingam, and L. B. Milstein, “Further Results on 

Selection Combining of Binary NCFSK Signals in Rayleigh Fading Channels,” 

IEEE Trans. Commun., vol. 52, pp. 939-952, Jun. 2004.

[35] A. Papoulis and S. U. Pillai, Probability, Random Variables and Stochastic 

Processes, 4th ed. New York, USA: McGraw-Hill, 2002.

[36] A. H. Nuttall, “Some Integrals Involving the Qm Function,” IEEE Trans. 

Inform. Theory, vol. 37, pp. 95-96, Jan. 1975.

[37] S. Haghani and N. C. Beaulieu, “M-ary NCFSK with S  + N  Selection Com­

bining in Rician Fading,” IEEE Trans, on Commun., pp. 491-498, Mar. 2006.

[38] S. Haghani and N. C. Beaulieu, “SER of M-ary NCFSK with S  + N  Selec­

tion Combining in Nakagami Fading for Integer m,” IEEE Trans, on Wireless 

Commun., pp. 3050-3055, 2006.

[39] M. K. Simon and M.-S. Alouini, “Average Bit-Error Probability Performance 

for Optimum Diversity Combining of Noncoherent FSK Over Rayleigh Fading 

Channels,” IEEE Trans. Commun., vol. 51, pp. 566-569, Apr. 2003.

[40] C. M. Lo and W. H. Lam, “Average SER for M-ary modulation systems with 

space diversity over independent and correlated Nakagami-m fading channels,” 

IEE Commun. Proc., vol. 148, pp. 377-384, Dec. 2001.

[41] P. M. Hahn, “Theoretical Diversity Improvement in Multiple Frequency Shift 

Keying,” IRE  Trans. Commun. System., vol. 37, pp. 177-184, Jun. 1962.

164

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



[42] A. Annamalai and C. Tellambura, “A Moment-Generating Function (MGF) 

Derivative-Based Unified Analysis of Incoherent Diversity Reception of M-ary 

Orthogonal Signals over Independent and Correlated Fading Channels,” In­

ternational Journal of Wireless Information Networks, vol. 10, pp. 41-56, Jan.

2003.

[43] X. Zhang and N. C. Beaulieu, “Performance Analysis of Generalized Selec­

tion Combining in Generalized Correlated Nakagami-m Fading,” IEEE Trans. 

Commun., pp. 2103-2112, Nov. 2006.

[44] V. A. Aalo, “Performance of maximal-ratio diversity systems in a correlated 

Nakagami-fading environment,” IEEE Trans. Commun., vol. 43, pp. 2360-2369, 

Aug. 1995.

[45] Q. T. Zhang, “Maximal-ratio combining over Nakagami fading channels with 

an arbitrary branch covariance matrix,” IEEE Trans. Veh. Technol, vol. 48, 

pp. 1141-1150, Jul. 1999.

[46] M. Schwartz, W. R. Bennett, and S. Stein, Communications Systems and 

Techniques. New York: McGraw-Hill, 1966.

[47] Y.-C. Ko, M.-S. Alouini, and M. K. Simon, “Average SNR of dual selection 

combining over correlated Nakagami-m fading channels,” IEEE Commun. Lett., 

vol. 4, pp. 12-14, Jan. 2000.

[48] D. A. Zogas, G. K. Karagiannidis, and S. A. Kotsopoulos, “On the average out­

put SNR in selection combining with three correlated branches over Nakagami- 

m fading channels,” IEEE Trans, on Wireless Commun., vol. 3, pp. 25-28, Jan.

2004.

165

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



[49] G. K. Karagiannidis, D. A. Zogas, and S. A. Kotsopoulos, “Performance analy­

sis of triple selection diversity over exponentially correlated Nakagami-m fading 

channels,” IEEE Trans. Commun., vol. 51, pp. 1245-1248, Aug. 2003.

[50] O. C. Ogweje and Q. T. Zhang, “Performance of Selection Diversity System in 

Correlated Nakagami fading,” in Proc. IEEE Vehicular Technology Conf., New 

York, USA, 1997, pp. 1488-1492.

[51] M. K. Simon and M.-S. Alouini, “A unified performance analysis of digital 

communication with dual selective combining diversity over correlated Rayleigh 

and Nakagami-m fading channels,” IEEE Trans. Commun., vol. 47, pp. 33-44, 

Jan. 1999.

[52] Q. T. Zhang and H. G. Lu, “A general analytical approach to multi-branch 

selection combining over various spatially correlated fading channels,” IEEE  

Trans. Commun., vol. 50, pp. 1066-1073, Jul. 2002.

[53] Y. Chen and C. Tellambura, “Performance Analysis of Three-Branch Selec­

tion Combining Over Arbitrarily Correlated Rayleigh-Fading Channels,” IEEE  

Trans, on Wireless Commun., vol. 4, pp. 861-865, May 2005.

[54] S. Haghani and N. C. Beaulieu, “M-ary NCFSK with S  + N  Selection Com­

bining in Rician Fading,” IEEE Trans. Commun., vol. 54, pp. 491-498, Mar. 

2006.

[55] M. K. Simon and M.-S. Alouini, “A Unified Performance Analysis of Digi­

tal Communication with Dual Selective Combining Diversity over Correlated 

Rayleigh and Nakagami-m Fading Channels,” IEEE Trans, on Commun., vol. 

47, pp. 33-43, Jan. 1999.

166

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



[56] C. Tellambura, A. Annamalai, and V. K. Bhargava, “Closed form and infinite 

series solutions for the MGF of a dual-diversity selection combiner output in 

bivariate Nakagami fading,” IEEE Trans. Commun., vol. 51, pp. 539-542, Apr. 

2003.

[57] X. Dong and N. C. Beaulieu, “Optimal maximal ratio combining with correlated 

diversity branches,” IEEE Commun. Lett., vol. 6, pp. 22-24, Apr. 2002.

[58] K. Dietze, C. B. Dietrich, and W. L. Stutzman, “Analysis of a two-branch 

maximal ratio and selection diversity system with unequal SNRs and correlated 

inputs for a Rayleigh fading channel,” IEEE Trans, on Wireless Commun., vol. 

1, pp. 274-281, Apr. 2002.

[59] V. Veeravalli, “On performance analysis for signaling on correlated fading chan­

nels ,” IEEE Trans. Commun., vol. 49, pp. 1879-1883, Nov. 2001.

[60] Y.-C. Ko, M.-S. Alouini, and M. K. Simon, “Average SNR of dual selection 

combining over correlated Nakagami-m fading channels,” IEEE Commun. Lett., 

vol. 4, pp. 12-14, Jan. 2000.

[61] D. A. Zogas and G. K. Karagiannidis, “Infinite-series representations associated 

with the bivariate Rician distribution and their applications,” IEEE Trans. 

Commun., vol. 53, pp. 1790-1794, Nov. 2005.

[62] N. Sagias, G. K. Karagiannidis, D. A. Zogas, P. T. Mathiopoulos, and G. S. 

Tombras, “Performance analysis of dual selection diversity in correlated Weibull 

fading channels,” IEEE Trans, on Commun., vol. 52, pp. 1063-1067, Jul. 2004.

167

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



[63] G. Karagiannidis, “Performance analysis of SIR-based dual selection diversity 

over correlated Nakagami-m fading channels,” IEEE Trans. Veh. Technol, vol. 

52, pp. 1207-1216, Sep. 2003.

[64] F. Adachi, K. Ohno, and M. Ikura, “Postdetection selection diversity reception 

with correlated, unequal average power Rayleigh fading signals for 7r/4-shift 

QDPSK mobile radio,” IEEE Trans. Veh. Technol., vol. 41, pp. 199-210, May 

1992.

[65] P. S. Bithas, G. K. Karagiannidis, N. C. Sagias, and D. A. Z. P. M. P.T., “Dual- 

Branch Diversity Receivers over Correlated Rician Fading Channels,” in Proc. 

IEEE Veh. Technol. Conf., Sep. 2005, vol. 4, pp. 2642-2646.

[66] G. M. Vitetta, U. Mengali, and D. P. Taylor, “An error probability formula for 

noncoherent orthogonal binary FSK with dual diversity on correlated Rician 

channels,” IEEE Commun. Lett., vol. 3, pp. 43-45, Feb. 1999.

[67] P. K. Mallik, M. Z. Win, and J. H. Winters, “Performance of dual-diversity 

predetection EGC in correlated Rayleigh fading with unequal branch SNRs,” 

IEEE Trans. Commun., vol. 50, pp. 43-45, Jul. 2002.

[68] H. R. Schwarz, Numerical analysis : a comprehensive introduction. New York: 

Wiley, 1989.

[69] Y. Chen and C. Tellambura, “Moment Analysis of the Equal Gain Combiner 

Output in Equally Correlated Fading Channels,” IEEE Trans. Veh. Technol., 

vol. 54, pp. 1971-1979, Nov. 2005.

168

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



[70] T. Eng, N. Kong, and L. B. Milstein, “Comparison of diversity combining 

techniques for Rayleigh-fading channels,” IEEE Trans. Commun., vol. 44, pp. 

1117-1129, Sep. 1996.

[71] N. Kong and L. B. Milstein, “Average SNR of a generalized diversity selection 

combining scheme,” IEEE Commun. Lett., vol. 3, pp. 57-59, Mar. 1999.

[72] M. Z. Win and J. H. Winters, “Virtual branch analysis of symbol error proba­

bility for hybrid selection/maximal-ratio combining in Rayleigh fading,” IEEE  

Trans. Commun., vol. 49, pp. 1926-1934, Nov. 2001.

[73] M.-S. Alouini and M. K. Somon, “An MGF-based performance analysis of 

generalized selection combining over Rayleigh fading channels,” IEEE Trans. 

Commun., vol. 48, pp. 401-415, Mar. 2000.

[74] M. Z. Win and J. H. Winters, “Analysis of hybrid selection/maximal-ratio 

combining in Rayleigh fading,” IEEE Trans. Commun., vol. 47, pp. 1773-1776, 

Dec. 1999.

[75] A. Annamalai, G. K. Deora, and C. Tellambura, “Unified analysis of generalized 

selection diversity with normalized threshold test per branch,” in Proc. IEEE  

Wireless Commununications Networking Conf., New Orleans, USA, Mar. 2003, 

pp. 752-756.

[76] N. Kong and L. Milstein, “SNR of generalized diversity selection combining 

with nonidentical Rayleigh fading statistics,” IEEE Trans. Commun., vol. 48, 

pp. 1266-1271, Aug. 2000.

169

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



[77] M. K. Simon and M.-S. Alouini, “A compact performance analysis of generalized 

selection combining with independent but nonidentically distributed Rayleigh 

fading paths,” IEEE Trans. Commun., vol. 50, pp. 1409-1412, Sep. 2002.

[78] Y. Chen and T. Tellambura, “A new hybrid generalized selection combining 

scheme and its performance over fading channels,” in Proc. Wireless Commu­

nication and Networking Conf., Atlanta, USA, Mar. 2004, vol. 2, pp. 926-931.

[79] A. Annamalai, G. K. Deora, and C. Tellambura, “Theoretical diversity im­

provement in GSC(iV, L) receiver with nonidentical fading statistics,” IEEE  

Trans. Commun., vol. 53, pp. 1027-1035, Jun. 2005.

[80] A. Ramesh, A. Chockalingam, and L. B. Milstein, “Performance analysis of 

generalized selection combining of M-ary NCFSK signals in Rayleigh fading 

channels,” in Proc. IEEE International Conf. on Communications, May 2003, 

vol. 4, pp. 2773-2778.

[81] M. Z. Win and R. K. Mallik, “Error Analysis of Noncoherent M-ary FSK with 

Postdetection EGC over Correlated Nakagami and Rician Channels,” IEEE  

Trans. Commun., vol. 50, pp. 378-383, Mar. 2002.

[82] S. Haghani and N. C. Beaulieu, “Revised Analyses of Postdetection Switched 

Combining in Nakagami-m Fading,” IEEE Trans. Commun., pp. 1587-1594, 

Sep. 2005.

[83] A. Annamalai and C. Tellambura, “Error Rates for Namakami-m Fading Mul­

tichannel Reception of Binary and M-ary Signals,” IEEE Trans. Commun., 

vol. 49, pp. 58-68, Jan. 2001.

170

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



[84] J. F. Weng and S. H. Leung, “Analysis of M-ary FSK square law combiner 

under Nakagami fading conditions,” Electron. Lett., vol. 33, pp. 1671-1673, 

Sep. 1997.

[85] M. K. Simon and M.-S. Alouini, “Bit Error Probability of Noncoherent M- 

ary Orthogonal Modulation over Generalized Fading Channels,” Journal of 

Communication and Networks, vol. 1, pp. 111-117, Jun. 1999.

[86] V. Aalo, 0 . Ugweje, and R. Sudhakar, “Perfromance analysis of a DS/CDMA 

system with noncoherent M-ary orthogonal modulation in Nakagami fading,” 

IEEE Trans, on Vehicular Technol., vol. 47, pp. 20-29, Feb. 1998.

[87] P. Y. Kam, “Error Probabilities of MDPSK Over the Nonselective Rayleigh 

Fading Channel with Diversity Reception,” IEEE Trans. Commun., vol. 51, 

pp. 220-224, Feb. 1991.

[88] A. A. Abu-Dayya and N. C. Beaulieu, “Micro- and macrodiversity NCFSK 

(DPSK) on shadowed Nakagami-fading channels,” IEEE Trans. Commun., vol. 

42, pp. 2693-2702, Sep. 1994.

[89] P. Y. Kam, T. P. Soh, and C. S. Ng, “Further Results on the Bit Error Prob­

abilities of MDPSK over Nonselective Rayleigh Fading Channel with Diversity 

Reception,” IEEE Trans. Commun., vol. 43, pp. 2732-2741, Nov. 1995.

[90] C. M. Lo and W. H. Lam, “Probability of Symbol Error for MPSK, MDPSK 

and Noncoherent MFSK with MRC and SC Space Diversity in Nakagami-m 

Fading Channel,” in Proc. Wireless Communication and Networking Conf, 

Chicago, IL, Sep. 2000, vol. 3, pp. 23-28.

171

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



[91] H. Fu and P. Y. Kam, “Performance Comparison of Selection Combining 

Schemes for Binary DPSK on Nonselective Rayleigh-Fading Channels With In­

terference,” IEEE Trans. Wireless Commun., vol. 51, pp. 192-201, Jan. 2005.

[92] P. J. Crepeau, “Uncoded and Coded Performance of MFSK and DPSK in 

Nakagami Fading Channels,” IEEE Trans. Commun., vol. 40, pp. 487-493, 

Mar. 1992.

[93] U. Charash, “Reception through Nakagami fading multipath channels with 

random delays,” IEEE Trans. Commun., vol. 27, pp. 657-670, Apr. 1979.

[94] G. F. Montgomery, “Message error in diversity frequency-shift reception,” Proc. 

IRE., vol. 42, pp. 1184-1187, Jul. 1954.

[95] F. Patenaude, J. H. Lodge, and J.-Y. Chouinard, “Noncoherent Diversity Re­

ception Over Nakagami-Fading Channels,” IEEE Trans. Commun., vol. 46, pp. 

985-991, Aug. 1998.

[96] J. F. Weng and S. H. Leung, “Analysis of DPSK with equal gain combining in 

Nakagami fading channels,” Electron. Lett., vol. 33, pp. 654-656, Apr. 1997.

[97] S. Haghani and N. C. Beaulieu, “Symbol error rate performance of m-ary ncfsk 

with s +  n  selection combining in rician fading,” in Proc. IEEE International 

Conf. on Communications, Seoul, Korea, 16-20 May 2005, vol. 4, pp. 2500-2505.

[98] Y.-C. Ko and T. Luo, “Effect of Noise Imbalance on Dual-MRC over Rayleigh 

Fading Channels,” IEEE Trans, on Wireless Commun., vol. 5, pp. 514-518, 

Mar. 2006.

172

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



[99] S. Okui, “Probability of co-channel interference for selection diversity reception 

in the Nakagami m-fading channel,” Proc. Inst. Elec. Eng., vol. 139, pp. 91-94, 

Feb. 1992.

[100] G. Fedele, I. Izzo, and M. Tanda, “Dual diversity reception of m-ary DPSK 

signals over Nakagami fading channels,” in Proc. IEEE Int. Symp. Personal, 

Indoor, and Mobile Communications PIM RC’95, Toronto, ON, Sep. 1995, pp. 

1195-1201.

[101] S. Haghani and N. Beaulieu, “Predetection switched combining in correlated 

Rician fading,” submitted to IEEE Trans, on Wireless Commun., vol. 38, pp. 

565-567, May 1990.

[102] Y. Ma and Q. T. Zhang, “Accurate Evaluation for MDPSK W ith Noncoherent 

Diversity,” IEEE Trans. Commun., vol. 50, pp. 1189-1200, Jul. 2002.

[103] Y. Ma and T. J. Lim, “Bit Error Probability for MDPSK and NCFSK over 

Arbitrary Rician Fading Channels,” IEEE J. Select. Areas Commun., vol. 18, 

pp. 2179-2189, Nov. 2000.

[104] S. Zhang, J. Wang, P. Y. Kam, and P. Ho, “Bit Error Probabilities of MDPSK 

over Correlated Nonselective Rayleigh Fading Channel W ith Diversity Recep­

tion,” in Proc. Int. Conf. on Commun. Syst., Nov. 2002, vol. 1, pp. 539-543.

[105] M. A. Smadi and V. K. Prabhu, “Postdetection EGC Diversity Receivers for 

Binary and Quaternary DPSK Systems Over Fading Channels,” IEEE Trans. 

Veh. Technol., vol. 54, pp. 1030-1036, May 2005.

173

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



[106] M. Nakagami, “The m-distribution- A General Formula of Intensity Distribu­

tion of Rapid Fading,” in Statistical Methods of Radio Wave Propagation, W. 

G. Hoffman, Ed. Oxford, U.K., 1960.

[107] H. Fu and P. Y. Kam, “Performance of Optimum and Suboptimum Combining 

Diversity Reception for Binary DPSK over Independent, Nonidentical Rayleigh 

Fading Channels,” Seoul, Korea, May 2005.

[108] J. W. Craig, “A new simple and exact result for calculating the probability 

of error for two-dimensional signaling constellation,” in Proc. IEEE Military 

Conf. MILCOM 91, May 1991, vol. Boston, MA, pp. 25.5.1-25.5.5.

[109] X. Dong, N. C. Beaulieu, and P. H. Wittke, “Error probabilities of two- 

dimensional m-ary signaling in fading,” IEEE Trans. Commun., vol. 47, pp. 

352-355, Mar. 1999.

[110] X. Dong, N. C. Beaulieu, and P. H. Wittke, “Signaling constellations for fading 

channels,” IEEE Trans. Commun., vol. 47, pp. 703-714, May 1999.

[111] W. T. Webb and R. Steele, “Variable rate QAM for Mobile Radio,” IEEE  

Trans. Commun., vol. 43, pp. 2223-2230, Jul. 1995.

[112] W. T. Webb, “Spectrum efficiency of Multilevel Modulation Schemes in Mobile 

Radio Communications,” IEEE Trans. Commun., vol. 43, pp. 2344-2349, Aug. 

1995.

[113] J. Lu, T. Tjhung, and C. Chai, “Error Probability Performance of L-Branch 

Diversity Reception of MQAM in Rayleigh Fading,” IEEE Trans. Commun., 

vol. 46, Feb. 1998.

174

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



[114] M.-S. Alouini and A. Goldsmith, “A unified approach for calculating error rates 

of linearly modulated signals over generalized fading channels,” Proc. Int. Conf. 

on Commun., vol. 1, pp. 459-463, Jun. 1998.

[115] L. R. Kahn, “Ratio Squarer,” Proc. IRE (Corresp.), vol. 42, pp. 1954, Nov. 

1954.

[116] H. A. Abdel-Ghaffar and S. Pasupathy, “Asymptotic Performance of M-ary 

and Binary Signals over Multipath/Multichannel Rayleigh and Ricean Fading,” 

IEEE Trans. Commun., vol. 48, Nov. 1995.

[117] X. Dong and N. C. Beaulieu, “New Analytical Expressions for Probability of 

Error for classes of orthogonal signals in Rayleigh fading,” in Globecom’99, Dec. 

1999, vol. Rio de Janeiro, Brazil, pp. 2528-2533.

[118] A. Annamalai, C. Tellambura, and V. K. Bhargava, “Exact evaluation of 

maximal-ratio and equal-gain diversity receivers for M-ary QAM on Nakagami 

fading channels,” IEEE Trans. Commun., vol. 47, pp. 1335-1344, Sep. 1999.

[119] E. Kreyszig, Advanced Engineering Mathematics, 4th ed. New York, USA: John 

Wiley & Sons, 1979.

[120] T. M. Apostol, Mathematical Analysis, 2nd ed. Reading, Massachusettes: 

Addison-Wesley, 1974.

[121] G. Hardy, J. Littlewood, and G.Polya, Inequalities, 2nd ed. Cambridge, UK: 

Cambridge University Press, 1952.

[122] L. Hanzo, T. Webb, and T. Keller, Single- and Multi-carrier Quadrature Am ­

plitude Modulation: Principles and Applications for Personal Communications, 

WLANs and Broadcasting. Chinchester, UK: Wiley, 2002.

175

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



[123] B. P. Lahti, Modern Digital and Analog Communication System, 3rd ed. Oxford: 

Oxford University Press, 1998.

[124] T. S. Rappaport, Wireless Communications Principles and Practice, 2nd ed. 

New Jersey: Prentice Hall PTR, 2002.

[125] S. Ross, A First Course in Probability, 6th ed. Upper Saddle River, NJ: Prentice 

Hall, 2002.

[126] M. K. Simon, S. M. Hinedi, and W. C. Lindsey, Digital Communication Tech­

niques: Signal Design and Detection. Upper Saddle River, NJ: Prentice Hall,

1995.

[127] F. Xiong, Digital Modulation Techniques. 685 Canton St. MA 02062: Artech 

House Inc., 2000.

[128] M. J. Gans, “A Power-Spectral Theory of Propagation in the mobile radio 

environment,” IEEE Trans. Veh. Tech., vol. 80, no. VT-16, pp. 27-38, Feb. 

1972.

[129] S. O. Rice, “Mathematical Analysis of Random Noise,” Bell System Tech. J., 

vol. 23, pp. 282-332, Jul. 1944.

[130] H. Erben, S. Zeisberg, and H. Nuszkowski, “BER performance of a hybrid 

SC/MRC 2DPSK RAKE receiver in realistic mobile channels,” in Proc. Annual 

Int. Veh. Tech. Conf., Stockhom, Sweden, Jun. 1994, vol. 2, pp. 738-741.

[131] M. Z. Win and R. A. Schultz, “On the energy capture of ultra-wide bandwidth 

signals in dense multipath environments,” IEEE Commun. Lett., vol. 2, pp. 

245-247, Sep. 1998.

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



[132] M. Z. Win and Z. A. Kostic, “Impact of spreading bandwidth on Rake recep­

tion in dense multipath channels,” in Proc. 8th Comm. Theory Mini Conf'., 

Vancouver, Canada, Jun. 1999, vol. 2, pp. 78-82.

[133] M. Z. Win and Z. A. Kostic, “Virtual path analysis of selective Rake receiver 

in dense multipath channels,” IEEE Commun Lett., vol. 3, pp. 308-310, Nov. 

1999.

[134] M. Z. Win, G. Chrisikos, and N. R. Sollenberger, “Performance of Rake re­

ception in dense multipath channels: Implications of spreading bandwidth and 

selection diversity order,” IEEE J. Select. Areas Commun., vol. 18, pp. 1516- 

1525, Aug. 2000.

[135] N. Kong and L. B. Milstein, “Combined average SNR of a generalized diversity 

selection combining scheme,” in Proc. IEEE Int. Conf. on Commun., Atlanta, 

GA, Jun. 1998, vol. 3, pp. 1556-1560.

[136] M. Z. Win and J. H. Winters, “Analysis of hybrid selection/ maximal-ratio 

combining of diversity branches with unequal SNR in Rayleigh fading,” in 

Proc. 49th Annual Int. Veh. Technol. Conf, Houston, TX, May 1999, vol. 1, 

pp. 215-220.

[137] M. Z. Win and J. H. Winters, “Analysis of hybrid selection/maximal-ratio com­

bining in Rayleigh fading,” in Proc. IEEE Int. Conf. on Commun., Vancouver, 

Canada, Jun. 1999, vol. 1, pp. 6-10.

[138] M. K. Simon and D. Divsalar, “Some new twists to problems involving the 

Gaussian probability integral,” IEEE Trans. Commun., vol. 46, pp. 200-210, 

February 1998.

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



Appendix A

In this appendix, we derive (3.52). The main step in deriving (3.52) is to simplify the 

integrals
poo

(A.l)Jk=  fw a {w)[FWa(w)]M dw, k =  1,2
J U>T-

and

Lk =  /  { /  Fw^ WT̂ Fw-idz(w) fz ( z )dz^  (FWi2(w))M 2fw i2(w)dw, k = 1 ,2

(A.2)

that appear in (3.45). These integrals are simplified below for k =  1. Similar results 

can be obtained for k =  2. Substituting (3.49) and (3.50) in (A.l), and using standard 

integration techniques we obtain a closed-form expression for J x as

M—1

i—0

M - l ( - 1  )<
1 +  i( l  +  71)

—r exp ^ 71(1 +  ^ 1  +  71)) 
4(1 + 71)

(A.3)

Next we calculate I x. Substituting (3.12), (5.13), (3.50) and (3.51) in (A.2) and 

using the change of variable y = w / (AEsN q) we obtain

Li
poo p c

Jo Jo (A.4)
1 - Q i  V ^ iJj [1 — Qi I

x (1 — exp(—y))M~2 exp (—y) exp(—z)dzdy

where for notational simplicity we have defined ax =  2'yxp /( l  + 71(1  — p)), b\ = 

^ 71/ ( 2(1  +  71(1 -  P)))> 02 =  272p /( l  +  72(1 -  p)) and b2 =  2/(1  +  f 2(l -  p)).
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Next, expanding (1 — exp(—y ) )  in the above equation, (A.4) can be written

as
M—2

L\ =  (—l) l (Ln +  I/12 +  Lis +  L14) (A.5a)
i=0

where
p o o  pO O

An =  /  /  exp(—2) exp(—(1 +  i)y)dzdy (A.5b)
Jo Jo

L \2 =  r r  Qi A )  exp(-,z) exp(—(1 +  i)y)dzdy  (A.5c)

L , - n ;  Q\ ( y / w ,  \ / W )  ex p (-z ) exp(—(1 +  i)y)dzdy  (A.5d)

A14 =  J  J  Q i ( v ^ i ,  A )  <3 i (>/02^. V h y )  ex p (-z )  exp(—(1 +  i)y)dzdy.

(A.5e)

Using standard integration techniques, Ln can be calculated as

£11 = T^r. (A.6)I +  1

For L12, using [18, eq. (B.28)] we obtain

£12 =  —J-r exp f • (A-7)
1 -\-1 \ 2  +  a i /

Similarly, using [18, eq. (B.28)] one obtains a closed-form expression for L vi as

Ll3 =  (i +  1)(2 +  a2) + b2' (A'8)

To calculate L14, using [18, eq. (B.42)] we first integrate over 2 to obtain

bi

l ’ {
L 14 =  / < exp a i +  2

1 _ Q1 1 1 b̂ ai + 2}y I o,ia2h
Qi +  <22 +  2 V (ai +  2)(a i  +  a2 +  2)

(  b2y \  / / a ia ih y  / fri(a2 +  2)
eXP \  °2 +  2 /  1 I 'y  (a2 +  2)(ai +  a2 +  2) ’ y oq +  a2 +  2

x e x p (-( i + l)y)dy.

(A.9)
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Next, using [18, eq. (B.28)] twice and after some mathematical manipulation, (A.9) 

reduces to

J14

where

i +  1
exp

tt2 +  2
1 — exp

(i +  1 )A2
Oi +  2 (i +  1) +

2 A
exp

A4A5

A 3  + 2 A 3  

(A. 10a)

A\

A 2 —

A 3 —

b2{a\ +  2)
&\ +  d2 +  2

_______ a ia 2bi_______
(a i +  2) (ax +  02 +  2) 

0>i(l2b2
(a2 +  2) (ax +  02 +  2) 

61(02 +  2 )A a —

A5 -  i +  1 +

Ox +  02  +  2

b2

(A. 10b) 

(A.10c) 

(A.IOd) 

(A.IOe) 

(A.IOf)
02 +  2

Finally, combining (A.6)-(A.8) and (A. 10) and after some mathematical manipula­

tions we obtain

M —2

i = 0

X 1 — exp l i r ) T x (*72 +  72 +  * +  2)
4(7 i72(1 -  P2)(* +  1) +  2(1 +  71) +  (71 +  72)(i +  1) +  * -  71),

(A .ll)
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A ppendix B

In this appendix, we derive (5.18). Substituting L =  2 in (5.17) and expanding the 

term

(1 — exp(—x))2M~z, we obtain

2 M —3 / n y r  _  o \

J  =  2(M -  1) J 2  ( ) ( - 1)' (‘Ti + J 2 + J 3 + Ja) (B.12a)
i=0 '  1 '

where
poo poo

J i =  /  exp(—z) exp(—(1 +  i)x)dzdx  (B.12b)
Jo  J o

poo poo .  v

$2 —  /  /  Q 1 ( x / f l i - z ,  y b \ X  j  exp(—z) exp(—(1 +  i)x)dzdx  (B.12c)
Jo  Jo  '  '

poo poo .  .

Jo = /  /  Qi V h x )  exp(—2 ) exp(—(1 +  i)y)dzdx  (B.12d)
Jo  J o  '  '

Ja =  J  J  Qi (^/a iz, Qi (y/a^z, V b ^ )  exp (-z) e x p (-( l  +  i)x)dzdx.

(B.12e)

and where for notational simplicity we have defined a* =  2 7 iP i/(l +  7 i(l —p*)),* =  1,2 

and bi — 2/(1 +  7i(l — Pi))u — 1,2. Using standard integration techniques, 57i can 

be calculated as

J i

For J 2, using [18, eq. (B.28)] we obtain

i + 1
(B.13)

J 2 i +  1 +  A.\
(B.14)
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where A\ is defined in (5.18b). Similarly, J% reduces to

J s  =  -  1 (B. 15)
i +  1 +  A4

where A4 is defined in (5.18c). To calculate J 4, using [18, eq. (B.42)] we first integrate 

over z  to obtain

J a = exp
b^x

a\ + 2 1 - Q 1
'b2(ai +  2)x aia2bix
ai +  a2 +  2 y (ax +  2 ) (ax +  a2 +  2 )

/  b2x \  / / a1a2b2 X \ bi{a2 +  2)x
6XP \  0-2 + 2 )  A 1 V (a2 + 2)(ax + a2 + 2) ’ V ax +  a2 + 2

x exp(—(i +  l)a;)a!:r.

which can be re-written as

(B.16)

J 4 = J  exp (-(Ax +  i +  l )x)  1 -  Qi ( \ /A 2:r, \ /A 3£ j

+  exp ( - (A 4 +  i +  l)x) Qi (^y/A5x, y jA 6x^j dx.

Next, using [18, eq. (B48)] twice, (B.17) reduces to

1 / - A2 — A3 +  2 (i +  1 +  Ax)

(B.17)

J a 1 - +

x

A i + i + 1  y  2 y /(A 2 +  A3 +  2(i + 1 +  Ax) ) 2 — 4A2A3 J  2(i +  l  +  A4)

A5 — A6 +  2{i +  1 +  A4)
\J  (A5 +  A q +  2{i + 1 +  A4) ) 2 — 4A5A6

(B.18)

Finally, substituting (B.13)-(B.15) and (B.18) in (B.12), we obtain (5.18).
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