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ABSTRACT

The focus of this dissertation is the performance analyses of two classes o f frequency- 

hopped spread-spectrum multiple access (FH-SSMA) systems in various fading 

environments.

The capacity of Viterbi’s FH-SSMA system is evaluated under three types of 

fading, namely Rician, shadowed Rician, and Nakagami fading. The results o f recent 

experiments have indicated that these fading phenomena occur in various environments 

where the FH-SSMA system may be implemented. In this dissertation, the deletion 

probability for each fading scenario is derived. Subsequently, the system capacity is 

analyzed in terms of maximum number of users versus average bit error rate. The effect 

of a change in the signal-to-noise ratio level on the system capacity is also demonstrated. 

For Rician fading, it is found that the capacity of the system with a Rician factor of 2 dB 

is reduced by 13 percent as compared to the capacity of the non-fading case. For 

shadowed Rician fading, three shadowing scenarios are considered: light, average, and 

heavy. It is shown that the light and the average shadowing scenarios provide only a 

slight decrease in the capacity, while the heavy shadowing scenario renders a capacity 

identical to that for the Rayleigh fading case. Finally, for Nakagami fading the capacity is 

found to decrease by 50 percent as the fading parameter is reduced to 0.5.

The performance of a cellular frequency-hopped spread-spectrum multiple access 

system is studied under an indoor environment. It is demonstrated how the system 

capacity, given in terms of the number of users per cell, is affected by the number of cells 

in the system. Also, the influence of the delay spread, which is the result of multipath 

propagation, is investigated. The analysis focuses on a worst-case scenario where a user
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receives both the desired and interfering signals with equal power levels. This scenario 

applies to both the downlink and the uplink. It is shown that the system capacity is 

reduced drastically as the number of adjacent interfering cells increases from one to three. 

Previous work concerning the indoor multipath propagation assumed that the number of 

paths is fixed, the path delays are uniformly distributed, and the path gains are equal. In 

this dissertation, a more realistic channel model derived from actual impulse response 

measurements by Saleh and Valenzuela is employed. The model consists of clusters of 

rays with constant cluster and ray arrival rates and power-delay time constants. The 

system performance is shown to be affected strongly by the change in the power-delay 

time constants, yet only slightly influenced by the variation in the arrival rates of the rays 

and clusters. In addition, the degradation in the system performance due to the delay 

spread becomes more severe as the transmission rate increases.
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Dr. Gholamali C. Shoja, Outside Member (Department of Computer Science)
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Chapter 1

Introduction

In wireless mobile and personal communications, the spread-spectrum technique seems to 

be one of the most promising techniques that can fulfill the service requirements. When 

this technique is used as a multiple access scheme, it can support more potential users 

than other conventional systems, such as the frequency division multiple access system 

[l]-[4]. Since it is inherently a form of digital communication, the spread-spectrum 

technique is more reliable and flexible than its analog counterpart [5]. Furthermore, it can 

allow various types of traffic, such as voice, data, video, etc., to be fully integrated into 

one network.

In general, there are two classes of the spread-spectrum techniques: frequency 

hopping and direct sequence. The frequency hopping technique was developed more than 

half a century ago [6], and has been primarily utilized for defense communications, due to 

its anti-jamming capability and low interception probability. It was not until the late 

1970s that researchers began to examine this technique for possible use as a multiple 

access scheme in mobile radio communications [1], [2]. Since then, the so called 

frequency-hopped spread-spectrum multiple access (FH-SSMA) system has been 

investigated intensively for several multi-user applications.
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In most cases of mobile radio communications, transmission channels are found to 

be far from ideal due to radio propagation. One of the most important characteristics of 

radio propagation is multipath fading. Multipath fading can vary widely from channel to 

channel depending upon the physical features of the environment within which the 

communication system is implemented. For example, in a factory or an urban 

microcellular environment, the channel may be corrupted by Rician fading. On the other 

hand, in a land mobile satellite channel, the multipath fading is represented by a shadowed 

Rician model. In some cases, the mobile channels can be characterized by the Rayleigh 

and the Nakagami distributions. Whichever fading characteristic the channel may possess, 

the performance of the system is affected to a certain degree.

Hence, prior to the implementation of the FH-SSMA system, it is necessary to 

investigate precisely how the system performance is influenced by each fading 

characteristic. The knowledge gained from the study then can be used as a design 

guideline. This dissertation is therefore focused on the performance analysis of the FH- 

SSMA system under various fading environments.

1.1 Contributions of the Dissertation

The first part of this dissertation will involve the performance analysis of an FH-SSMA 

system proposed by Viterbi [1]. Previously, this system was studied under the Rayleigh 

[7] and shadowed Rayleigh [8] fading environments. This dissertation will consider three 

other fading scenarios, namely Rician, shadowed Rician, and Nakagami fading. The 

expressions for the deletion probability of a transmitted signal due to both the additive 

white Gaussian noise (AWGN) and the fading phenomena are derived for each fading 

case. The performance of the system is illustrated in terms of system capacity and is also
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compared with the performance in the presence of Rayleigh fading.

In the second part of this dissertation, special attention is paid to the performance 

of an FH-SSMA system in an indoor environment. Unlike earlier work [51]-[62], the 

analysis in this dissertation deals with a cellular network. The effect of the delay spread 

on the system performance due to the multipath propagation is considered. The channel 

model developed by Saleh and Valenzuela [33] will be utilized. This model is more 

realistic than the one employed in the previous work, since it is derived from actual 

experiments. Although the Saleh-Valenzuela model was thought to be more suitable for 

simulation, it will be demonstrated that the analysis is indeed tractable. The influence of 

each channel parameter on the system performance, which is given in terms of system 

capacity, will be investigated.

1.2 Outline of the Dissertation

In Chapter 2, the principle of the frequency-hopped spread-spectrum technique is 

provided. Also, the fading models considered in this dissertation will be described. These 

include the Rayleigh, the Rician, the shadowed Rician, and the Nakagami fading models.

Chapter 3 presents the performance analysis of Viterbi’s FH-SSMA system in 

three fading scenarios mentioned in Section 1.1. It includes an explanation of the system 

operation, as well as the derivation of the formulas needed for evaluating the bit error 

probability. The system performance is illustrated in terms of the number of users for 

various values of channel parameters. Also, the impact of the variation in the signal-to- 

noise ratio is demonstrated.

Chapter 4 is concerned with the performance analysis of the cellular FH-SSMA 

system in an indoor environment. First, the channel model, the system operation, and the
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signal model are described. Then, the derivation of the expression for the bit error 

probability is presented. Finally, the numerical results show how the system 

performance is affected by the multipath delay spread.

Conclusions and suggestions for future research are given in Chapter 5.



Chapter 2 

F undamental Principles

In this chapter, the principle of the frequency-hopped spread-spectrum (FH-SS) 

technique is presented. The mathematical representation of the Rayleigh, the Rician, the 

shadowed Rician, and the Nakagami fading scenarios is also described.

2.1 Frequency-Hopped Spread-Spectrum Technique

In general, the FH-SS technique can be categorized into two distinct classes; the 

conventional and the Viterbi technique. The former is essentially the original scheme 

developed more than five decades ago, and has been primarily utilized for anti-jamming 

communications. The latter technique was proposed by Viterbi [1] in 1978. It is the 

direct result of his work towards a new multiple access method that can accommodate 

more potential users. The conventional technique was also examined by Cooper and 

Nettleton [2] around the same time as the Viterbi technique for possible use as a multiple 

access scheme.

2.1.1 Conventional Technique

The conventional FH-SS technique is basically a digital communication system in which
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the carrier frequency of a modulated signal is dehopped across an allocated bandwidth 

under the control of a hopping pattern. The allocated bandwidth is usually much larger 

than the bandwidth of the modulated signal itself, and is commonly known as the spread- 

spectrum bandwidth. The modulation of the signal is often carried out by means of 

frequency shift keying (FSK), either binary or non-binary, for which noncoherent 

detection is feasible at the receiver. This feature of the FSK scheme is very important for 

the FH-SS system, since the phase of a dehopped signal is usually unknown and coherent 

detection is impractical.

The basic diagrams of a transmitter and a receiver for the conventional FH-SS 

system are depicted in Fig. 2.1(a) and 2.1(b), respectively. The hopping o f a symbol is 

accomplished by multiplying the modulated signal with the output o f the frequency 

synthesizer. The rate at which the frequency synthesizer produces a hop frequency is 

called the hop rate. With respect to the hop rate, the FH-SS system can be divided into 

two classes: slow frequency hopping and fast frequency hopping. In a slow FH-SS 

system, each hop contains two or more symbols. In other words, the symbol rate is 

faster than the hop rate. On the other hand, in a fast FH-SS system, the hop rate is either 

equal to or faster than the symbol rate. For the latter case, a symbol is transmitted via 

several hop frequencies in different time intervals, resulting in a condition called 

frequency-time diversity. A symbol in each hop is sometimes called a chip.

At the receiver, a received signal is dehopped via multiplication o f  the received 

signal and a dehopping signal generated by the frequency synthesizer locally at the 

receiver. Usually, the dehopping signal is identical to that used by the transmitter. For 

fast frequency hopping, where one signal symbol is hopped more than once, a diversity 

combiner is employed at the receiver. This device makes use of the received chips to 

determine which symbol has been sent.
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Fig. 2.1. Basic diagram of (a) transmitter and (b) receiver 
for the conventional FH-SS system.
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In an FH-SSMA system, there will be multiple transmitter-receiver pairs, 

communicating with each other simultaneously over the same spread-spectrum 

bandwidth. Each user will be assigned a unique hopping pattern. However, collisions 

between the users’ signals may occur and become more frequent as the number of users 

increases.

2.1.2 Viterbi’s Technique

Viterbi’s technique can be classified as a fast FH-SS technique with multilevel FSK 

modulation. In this technique, the spread-spectrum bandwidth is divided into subbands. 

The number of subbands is equal to the number of FSK bands of a signal symbol. If, for 

example, a symbol has K bits, the number of subbands is 2^ . The hopping of a symbol 

is carried out by means of modulo-2^ addition of the symbol and a series of K  -bit code 

words (also called addresses). As a result, the symbol is hopped several times over the 

2^ subbands. The number of hops per symbol depends on the number of code words 

contained in the series. Also, the addresses to which the symbol is hopped depend on the 

value of each code word.

The dehopping of a received symbol is simply done via a reverse process, i.e. the 

code word is modulo-2^ subtracted from the symbol. Since Viterbi’s technique is used as 

a multiple access scheme, some of the subbands will be occupied by signals from other 

users who share the same bandwidth. Thus, from a user’s point of view, the detected 

signals will comprise not only those intended for the user, but also those intended for 

other users. To cope with this problem, Viterbi uses a symbol decision technique called 

the majority logic decision method. A detailed description of this method will be 

provided in Chapter 3.
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2.2 Fading in Communication Channels

Several channel measurements have revealed that the fading phenomena may be 

characterized by a wide variety of mathematical models. These models can range from the 

well-known Rayleigh distribution to the recently-discovered shadowed Rician 

distribution. In this section, the mathematical representations o f the fading phenomena of 

interest in this dissertation are presented.

2.2.1 Rayleigh Fading

Rayleigh fading has been found to exist in most radio environments, and is frequently 

assumed in the literature. It is characterized by the distribution:

p(SR) = -^ e x p  
G~ 1er

% > 0  (2.1)

where % is the fading variable and c r  is its variance. This distribution is commonly 

known as the Rayleigh distribution.

In a Rayleigh fading channel, the transmitted signal propagates and arrives at the

receiver via several paths. Each path is due to the reflection of the signal from an object

or objects located between the transmitter and the receiver. Generally, the received signal 

can be represented by two quadrature components [9]:

% = 91 cos 0  = ^  cos (2.2)
k

and

T = 9 lsin 0  = ^/4^sin0^, (2.3)
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where X  is referred to as the real component, and Y is the imaginary component. Each 

term in the summations represents the signal which arrives from a different path, having a 

random amplitude A and a phase Q. In general, [ a ^ | are identically distributed. are

uniform over [0, 2k ) .  If the number of paths is large, both X  and Y can be approximated

by a normal distribution with zero mean and variance <7̂ . Moreover, X  and Y are

independent of each other. Thus, their joint distribution can be written as

-r~+y~
2(T

(2.4)

The above expression may be transformed to polar coordinates by using the 

relationship;

p(5R, 0 )  = % p ^ (.r  = SRcos0, y = 9Isin0). (2.5)

Hence,

p(9î, 0 )  = —^ e x p  
2 k g ~ 2cr

(2.6)

By integrating (2.6) over the variable 0 ,  the expression for the Rayleigh 

distribution as given by (2.1) is obtained.

2.2.2 Rician Fading

When a line-of-sight (LOS) path between the transmitter and the receiver exists in 

conjunction with the reflected paths, the channel can be characterized by a Rician fading 

model. In this model, the quadrature components X  and Y may be expressed as

X = 5 lc o s0  = AqCos0q + ^ A ^ cos0^ (2.7)
k
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Y =91 sin 0  = i4o sin 0Q + ̂  sin ,
k

(2 .8)

where Aq and 6q are respectively the constant amplitude and phase of the LOS signal. 

Usually, this signal is called the specular component. The means of X  and Y in the 

Rician fading case are AqCOS^q and AgSinOg, respectively. The variances of both 

components, however, are the same as those in the Rayleigh fading case. Therefore, the 

joint distribution of X and Y is given by

y) =
{x - A q c o s  d o f  ( y - A g  s in  )*

2(T 2(T
(2.9)

Consequently,

91 9l~ 4- A j  -  29L4q cos(0q “  ®)
2cr

(2 . 10)

Integrating (2.10) over 0 ,  it turns out that [10]:

2cr % > 0 (2 .11)

where /g(z) is the modified Bessel function of the first kind and zeroth order defined by

1 f2ff
(2 . 12)

The expression in (2.11) is referred to as the Rician density. It is sometimes called the 

generalized Rayleigh density [10] or the Nakagami-Rice density [11].

2.2.3 Shadowed Rician Fading

In a shadowed Rician fading channel, the specular amplitude Ag of the Rician faded signal
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is distributed lognormally due to shadowing between the transmitter and the receiver. 

The distribution of in this case is given by [12]

( i n A g - ^
(2.13)

where fi and dQ are the mean and the variance of respectively. 

By averaging (2.11) over the lognormal variate /4q, we obtain

%
pTtdQcr^o Aq

ÇOO 1

2 d n 2 c r

9 l> 0  (2.14)

which is the probability density function of a shadowed Rician faded signal.

2.2.4 Nakagami Fading

Developed by Nakagami in the early 1940s, the Nakagami distribution is considered the 

most versatile distribution. It represents the entire range of fading distributions from one­

sided Gaussian to non-fading [11], [13]. Also, the Nakagami distribution can well be used 

to fit the experiment data, such as those obtained from the HF skywave [13], the urban 

mobile channel [14], and the satellite channel [15] measurements. The Nakagami density 

function may be expressed as

a
% > o (2.15)

where Q = is the mean-square value of 91, and
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is the fading parameter which determines the shape of the distribution. K{-} in (2.16)

denotes variance.

The expression in (2.15) is sometimes called the Nakagami-m distribution, which 

has the following properties:

1. If m = 1/2, the distribution becomes one-sided Gaussian.

2. If  m = 1, the distribution becomes Rayleigh.

3. If /7i —> oo, the distribution tends to an impulse function. That is, there is no

fading.
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Chapter 3 

Performance of Viterbi’s FH-SSMA 
System in Different Fading Environments

3.1 Introduction

Since it was first proposed, the Viterbi’s FH-SSMA system has received much attention 

from researchers as it proves to outperform other conventional multiple access systems 

[1], Primarily, this FH-SSMA system was proposed for use over a low-data-rate satellite 

link. However, Goodman et al. [7] have examined it for possible use in digital mobile 

radiotelephony. They found that a maximum of 209 users can be accommodated by this 

system under perfect transmission conditions, using a data rate of 32 kbit/s and a one­

way bandwidth of 20 MHz. Moreover, Einarsson [16] and Timor [17] demonstrated that 

by using a properly designed hopping pattern in conjunction with an improved decoding 

scheme, a 50 to 60 percent increase in the system capacity can be achieved.

As mentioned earlier, the transmission channel is usually corrupted by 

impairments such as AWGN and multipath fading, resulting in signal detection errors and 

a consequent reduction in the system capacity. The analysis by Goodman et al. has 

shown that for the same data rate and bandwidth, both AWGN and Rayleigh multipath 

fading can reduce the capacity to 170 users at a signal-to-noise ratio (SNR) of 25 dB.
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Another investigation by Muammar [8] has demonstrated that shadowing between the 

base station and the mobile users can further reduce the capacity drastically.

In this chapter, other types of fading are considered. Of particular interest are the 

Rician, shadowed Rician, and Nakagami fading, as there have been reports indicating that 

these fading phenomena do exist in certain mobile applications [12], [14], [18], [19], [36]. 

The analysis will be based on the system described in [7], using the same set o f system 

parameters for comparison.

In the next section, the principle of the system operation is described. Section 3.3 

demonstrates the derivation o f the bit error probability. The expression for the false 

alarm probability is given in Section 3.4, whereas the derivations of the deletion 

probability for each fading case are conducted in Section 3.5. Section 3.6 includes 

numerical results as well as discussions. Then, a summary is provided in Section 3.7.

3.2 System Operation

The simplified block diagram of a transmitter is illustrated in Fig. 3 .1(a). In this system, 

each user is assigned a unique hopping pattern which is a sequence of L AT -bit code 

words, denoted here as

During a signaling period T, each code word is added modulo-2^ to the buffered K -bit 

message % of a user to produce a new (modulated) sequence Z of length L :

Z = X ® Y  = [Z^, Z^, •••, Z^}.

As a result, each modulated code word Z, (/ = 1, 2, •••, L) occupies a time slot of 

duration x = TfL  and takes on a value between 0 and 2 ^ - 1  (see Fig. 3.1(b)). The
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modulated sequence is then used by the tone generator to select the corresponding signal 

tones from the available 2^ orthogonal frequencies, which occupy the entire one-way 

spread-spectrum bandwidth.

At the receiver (Fig. 3.2(a)), each one of the 2^ frequency bins is determined 

every r  seconds whether or not a tone is present, by comparing the energy level in the 

frequency bin against a threshold level b. After the tones are detected, they are 

transformed back into the corresponding code words Z ,̂ and then subtracted modulo-2^ 

from the hopping pattern Y . By the end of the signaling period T, L copies of the 

original AT-bit message X  will be obtained.

In practice, however, the detected tones will not only come from the desired user 

itself, but also from other users in the system. Moreover, AWGN and multipath fading 

can cause a transmitted tone to be omitted (deletion), or a false tone to be incorrectly 

detected (false alarm). Thus, to make a decision under these circumstances, all detected 

tones (wanted and unwanted) are entered into a 2^ x L decision matrix (Fig. 3.2 (b)). At 

this point the majority logic decision is made such that the row of the matrix having the 

largest number of entries is chosen as the correct one.

3.3 Probability of Bit Error

Let M be the number of active users in the system. It is assumed that all M  hopping 

patterns are selected independently of each other. Each code word of the patterns is 

chosen equally likely over the 2^ possibilities. It is also assumed that all M modulated 

signal tones are generated independently with equal probability over the 2^  frequencies. 

The spacing between signal tones is assumed to be greater than the channel coherence 

bandwidth to ensure that the transmitted signals fade independently of each other. Also,
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it is assumed that each hop is perfectly synchronized.

Based on the above assumptions, the bit error probability Pg may be derived as 

follows [7],

The probability that none of the M — 1 interfering users sends a tone to a position 

in the decision matrix is

( l - 2 - ^ p .

Thus, the probability of a tone being present in a position in the decision matrix is

i - ( i - 2 - ^ y

Taking into account the probability that a transmitted tone is deleted due to 

the AWGN and the multipath fading, and the probability Pp that a false tone is detected 

due to the AWGN, the overall probability of a tone being inserted in a position in the 

decision matrix is

Pl= p + Pp-pPp,  (3.1)

where

p =

It then follows that the probability of j  entries in a row of the decision matrix is

\ J j

Consider the 2 ^ - 1  incorrect rows, the probability that n is the maximum number

of entries and exactly k rows contain n entries is



CHAPTER 3: VITERBI'S FH-SSMA SYSTEM IN  FADING ENVIRONMENTS 20

P(n, /t) =
/ I — 1

,/n=0
(3.4)

Now consider the correct row, which contains the desired signals. The probability 

of an entry being present in a position in this row is 1 — Therefore, the probability 

that there are / entries in this row is

\ ‘ y

L-, (3.5)

To obtain the expression for the bit error probability, let us observe that if  n > i, 

an error will occur with certainty. If n = i, a correct decision will be made with 

probability l/(k + 1). As a result, the word error probability is given by

(=0 '

2^-1 1 (3.6)
k=0

Consequently, the bit error probability can be expressed as

n AT—I
(3.7)

It is worth noting here that the derivation above assumes statistical independence 

between the rows of the decision matrix. The validity of this assumption has been 

justified by Yan and Wang [20] who developed a more complicated dependence model 

and compared it with the independence model. The researchers have shown that both 

models produce nearly identical results. Furthermore, these results have also been 

substantiated by Belezinis and Turner [21] by means of a computer simulation.
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3.4 False Alarm Probability

As mentioned earlier, AWGN and multipath fading may produce false alarms or deletions. 

Since these channel impairments possess random characteristics, both false alarms and 

deletions can be expressed in terms of probability. By considering the transmission of 

each tone as an example of noncoherent on-off keying, we can define the probability of 

false alarm, as the probability that the threshold will be exceeded by an energy level in 

a frequency bin containing no signal. This energy basically comes from the background 

noise. The expression for the false alarm probability is readily available in the textbook 

by Schwartz et al. [22] and is repeated here as follows:

Pp = exp bl (3.8)

where = b jV n  denotes the actual threshold level b normalized by the average noise

power N .

3.5 Deletion Probability

Unlike false alarms, deletions are largely due to both multipath fading and AWGN. 

Therefore, different types of fading will lead to different deletion probabilities. The 

probability of deletion may be defined as the probability that the envelope of a tone is 

smaller in magnitude than a threshold. The expressions for this probability are derived in 

the following subsections.

Throughout the analysis, it is assumed that the detector is perfectly synchronized 

with the signal. Also, neither the intersymbol interference nor the Doppler effect plays 

any significant role in the detection process.
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3.5.1 Rician Fading

According to recent experiments, Rician fading has been found to occur in indoor [18], 

[36] and urban microcellular environments [19]. As discussed in Section 2.2, a signal 

passing through a Rician channel will emerge as a composite of a specular component and 

a multipath portion. The multipath portion is characterized by Gaussian quadrature 

random variables (Rayleigh amplitude). When the signal is also subject to the AWGN, 

the noise itself will supply additional quadrature components to the multipath portion of 

the signal, thereby producing a new pair of Gaussian quadrature random variables [23]. 

As a result, the envelope, v, of the received signal can be expressed as

p{\<) =
N + a

exp
2(N + a )

vu
v > 0 (3.9)

where N  is the average noise power, u is the amplitude of the specular component, and 

a  is the average power of the multipath portion.

The probability of deletion is then given as

Pq = Prob(v < b)

rb

=  1 -  T —h  hi 4.b N + a
exp

1 9

2(N + a )
vu

dv. (3.10)

where b is the threshold level. Letting v = x^ jN  + a  and carrying out the transformation 

yield

b/TN+a xexp u
2 2(N + a)

XU

\ - \ j N  + a
\dx. (3.11)

For Rician fading, we define a parameter, called Rician factor, as:
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_  power in specular component u~
^  power in multipath component 2 a

This parameter has been found in [18], [19], and [36] to vary between 6 and 12 dB in 

value, depending on the characteristics o f the surroundings along the propagation path. If 

we define the average SNR as

Xo = (3.12)

the relationship between the Rician factor and the SNR can be given by

-  P/o 
I N  1 + p ’

Xo
N  1 + p

Substituting (3.13) and (3.14) into (3.11), the deletion probability becomes

(3.13)

(3.14)

^ D = i- j r -^ e x p x~ PYq

= i -<2
2p7o

2 1+ P +  7o
X . 2p7o

l + P + 7 o
dx

(3.15)

where

 ̂ VÂ/^l + (7o /(l+ P )) V  ̂+ (7 o /( l+ p ))

and Q{a, b) is Marcum’s Q function given by

Q{a, b ) = \  xexp
1 -) a  +x" lQ{ax)dx. (3.16)
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Note that as p  approaches infinity (i.e. a - > 0  or, equivalently, no multipath 

component), (3 .15) reduces to the Pq expression for the non-fading case shown in [22, 

Eqn. (7-4-7)];

/>o=i-e(V2ÿ.*o). (317)

where y  = u f2 N .  On the other hand, a s p  = 0 (nospecuiarcomponent), (3.15) becomes

= 1 - exp
2(1+ro)

(3.18)

which is the deletion probability for the Rayleigh fading case considered in [7],

3.5.2 Shadowed Rician Fading

The result of an experiment conducted by Loo [12] has indicated that a land mobile 

satellite channel can be characterized by a shadowed Rician fading model. In this model 

the specular component of the signal is lognormally distributed due to foliage shadowing. 

The probability density function for the envelope, v, of a signal that propagates through 

the land mobile satellite channel can be expressed as [24]

p(v) =
{N + a)^27Td('

r°° 1
'Jo

{ I n u - p f  {u- +  v~)

2 d n 2{N + a)
uv

\ N  + a
du.

v > 0  (3.19)

where N  and a  are the noise and multipath power respectively, p  is the mean value due 

to shadowing, and dg is the variance due to shadowing as well. Consequently, the 

probability of deletion may be given by



CHAPTER 3: VITERBI'S FH-SSMA SYSTEM IN  FADING ENVIRONMENTS 25

I d Q  2(yv + a )
/«I \dudv.
°ViV + a

(3.20)

Interchanging the order of integrations and rearranging the integrands result in 

1
= 1 - r ~

Jo u
exp

( ln « - / i ) “ J-OO V’ (m" +V")

{N + a )^  ^ 2{N + a) • t e ) dvdu.

(3.21)

By letting v = x^lN  + a  and carrying out the transformation, the integral with respect to 

V becomes

x~ i r I  ̂ XU ^
2 2{N + a)_ 0̂WA^ + a  J

dx

= Q
u

V ÿ v + â ’ ^ \  + {a/N)  

Substituting (3.22) into (3.21) yields

(3.22)

exp
[ \n u - f i ) '

2 ï r ~
u

^^JN + a '  ^ l  + [a/N)
du. (3.23)

The above expression can be simplified further by a change of variable y  = { \n u -  fx)l  ̂ Jd^ 

which gives

■r.
L  r l n

'1

2 VW + a '  .^l + (a /w )
dy. (3.24)
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3.5.3 Nakagami Fading

In [14], Suzuki has discovered that for certain urban mobile environments the channel is 

best described by the Nakagami-/?? distribution. In this case, the amplitude m of a 

received signal is expressed as

mu'

where H = {u~^ is the mean-square value of u , and

m = ÙT

Now let us define the SNR as

M>0 (3.25)

y=
ir
2N

(3.26)

which is a one-to-one random variable transformation. Therefore, y  can be characterized 

by the following distribution:

p{y) = p[u = ^2N y) du

r im )r ^
exp

dy

fny
Xo

y > 0 (3.27)

where Tg = D./2N is the average SNR (over fading).

Consider for the moment a signal that passes through a fading-free but noisy 

channel. The probability density function of the signal envelope, v, can be written as 

[22]

P(v) = — exp
1 1 u~ + y-
2N

(3.28)
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where u is the signal amplitude. The probability of deletion is then given by

rb  V 
=  J o - e x p'N

1 1 u~ +y-
2N

(3.29)

Using the definition of the SNR in (3.26), and carrying out a simple change of variable 

X = v /V n , we can express the deletion probability in terms of /  as

rbr.
^D=Jo ^GXp

jc- + 2 /
(3.30)

where Z?q = bf^jN  is the normalized threshold level.

For the channel that is corrupted by both the AWGN and Nakagami fading, (3.30) 

becomes conditioned on the random variable y, whose density function is given by 

(3.27). Hence, the overall probability may be obtained by averaging (3.30) over (3.27) to 

yield

b , n Ç Y ^  
r(m )y^

exp m y

Yo
exp x - + 2 y Io {xy l^ )d xd y .  (3.31)

Equation (3.31) can be simplified further (see Appendix A) to give:

-
/  \ 

m

y
y e x p

k=0 kl
(3.32)

where ;F|(u; b; z) is the confluent hypergeometric function defined as

(3.33)

where
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(a)„ = a (a  + l)- -(a + / i - l ) ,  (a)o = l-

For the special case of m = 1, it is shown in Appendix B that (3 .32) reduces to 

(3.18)—the expression for the Rayleigh fading case.

3.6 Numerical Results and Discussions

In this section, the capacity o f the FH-SSMA system is evaluated. To obtain the 

maximum capacity at a specific value o f data rate R, bandwidth W , and bit error rate P^, 

a search method is employed, where optimal values of K and L that maximize the 

number of simultaneous users are determined. It is found that for R = 32 kbit/s, W = 20 

MHz, and Pg < 10” ,̂ the optimum values of K  and L are 8 and 19, respectively [7].

3.6.1 Rician Fading Case

To evaluate Pp in (3.15), an algorithm developed by Pari [25] for calculating the Q 

function is employed.

Fig. 3.3 illustrates the performance curves of the FH-SSMA system operating at 

SNR = 25 dB with p ranging from 2 to 10 dB. The curves for the Rayleigh fading case 

(p = 0) and non-fading case (p —> «») are also provided in the figure for comparison. For 

each value of p , the detection threshold ùg is optimized at Pg = 10“  ̂ in order to maximize 

the number of users. From the figure, it can be observed that as p  increases to 10 dB or 

greater, the performance curve is identical to that for the non-fading case. This 

phenomenon is simply due to the fact that at a high value of p , the multipath portion of 

the signal is very small and has a negligible effect on the system performance. On the 

other hand, as p  decreases, the signal contains more of the multipath component, causing
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the curves to lie closer to that of the Rayleigh fading case. Also, it can be seen that the 

number of users at = 10“  ̂ is reduced from 209 in the non-fading case to 182 in the 

p  = 2 dB case. This is equivalent to a 13 percent reduction in the capacity. However, at 

this value of p , the Rician fading capacity is 7 percent (12 users) higher than that for the 

Rayleigh fading case (which is 170 users).

To show how the system capacity depends on the SNR level, the maximum 

number of users that can be accommodated by the system at Pg < 10“  ̂ is plotted against 

the SNR in Fig. 3.4 with p  as a parameter. In this figure, the detection threshold is 

optimized at each value of SNR. The figure reveals that at high values of p , there is only 

a slight variation in the system capacity as the SNR becomes greater than 20 dB. For 

example, the difference between the maximum capacity and the capacity at SNR = 20 dB 

is eight users for p  = 8 dB and two users for p  = 10 dB. However, as the SNR drops 

below 20 dB, the variation becomes stronger no matter what the value o f p  is. These 

observations may be justified by the fact that at large p , the signal contains a small 

amount of multipath portion. Hence its chance of being deleted due to the deep fade is 

rare, if the SNR is high enough. On the contrary, when the SNR is low, the signal will be 

affected more by both the fading and the noise, thereby causing a more substantial 

variation in the number of users. It is also noted that the rate of change will increase as p  

decreases. In the worst case where p = 0 dB (Rayleigh fading), the capacity is reduced 

from 206 users to 95 users, equivalent to 54 percent, as the SNR decreases from 40 dB to 

15 dB. In the least severe case where p  = 12 dB, the number of users begins to drop 

when the SNR is less than 18.6 dB from 209 to 200 at SNR = 15 dB.
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Fig. 3.3. Performance curves of Viterbi’s FH-SSMA system operating at SNR = 25 dB,

under the influence of Rician fading.
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3.6.2 Shadowed Rician Fading Case

In Loo’s experiment [12], three shadowing scenarios, namely light, average, and heavy, 

were considered. The values of the channel parameters corresponding to each scenario, 

available in [24] and also used in [26] and [27], are re-tabulated here in Table 3.1.

TABLE 3.1 

Channel Model (Shadowing) Parameters

Light Average Heavy

Multipath power a 0.158 0.126 0.0631

Mean // 0.115 -0.115 -3.91

Standard deviation 0.115 0.161 0.806

In all signal-to-noise ratio calculations, we need to offset the noise power 

N  = (2 /q)  ̂ by multiplying it with the channel gain = tx ^ { l ^  + 2 d ^  + 2 a ,  simply 

because is not equal to unity [26], [27]. Furthermore, since shadowing is slow in 

comparison to the hopping rate, it is necessary to assume that interleaving be applied to 

the address sequence. This assumption will ensure that any two consecutive hops are 

independent of each other. Thus, the set of formulas given in Section 3.3 can be used in 

this case.

The bit error performance as a function of the number of users is illustrated in Fig. 

3.5. Again, in this figure, SNR = 25 dB is assumed. The detection threshold is optimized 

at Pg = 10“^. The Rayleigh fading and non-fading curves are also provided in the figure 

for comparison. It is observed from the figure that for the light shadowing scenario, the



CHAPTER 3: VITERBI'S FH-SSMA SYSTEM IN  FADING ENVIRONMENTS 33

capacity of the system at Pg = 10“  ̂ is 199 users, which is approximately 5 percent lower 

than that for the non-fading case. For the average shadowing scenario, the capacity is 

found to be 192 users. In the worst case—heavy shadowing—the capacity is reduced to 

170 users, as it is in the Rayleigh fading case. The reason is that in the heavy shadowing 

scenario, the power of the specular component is diminished so significantly that the 

signal is composed mainly of the multipath component. Therefore, the signal appears to 

be Rayleigh distributed.

Fig. 3.6 demonstrates how the system capacity varies with the SNR. For the light 

and average shadowing scenarios, as the SNR is decreased from 40 dB to 15 dB, the 

number of users drops from 209 and 208 down to 146 and 134, respectively. For the 

heavy shadowing scenario, the decrease is identical to that for the Rayleigh fading case 

shown earlier in Fig. 3.4 (from 206 to 95 users).



CHAPTER 2: YITERBI'S FH-SSMA SYSTEM IN  FADING ENVIRONMENTS 34

m

I
ÛCs
E
I -
m

1

1

1

10

Rayleigh fading
20

Heavy shadowing

40

5
Non-fading:

Light shadowing

Average shadowing:

70
R = 32 kbit/s 
W = 20 MHz

8

80 100 120 140 160 180 200 220 240
NUMBER OF USERS (M)

Fig. 3.5. Performance curves of Viterbi’s FH-SSMA system operating at SNR =  25 dB,
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3.6.3 Nakagami Fading Case

With the SNR set to 25 dB and the detection threshold optimized at Pg = 10~^, the 

capacity curves for the Nakagami fading case are plotted in Fig. 3.7. Each curve in the 

figure represents the capacity of the system for different values of the fading parameter 

m, ranging from 0.5 up to 2.5. Where m is greater than 2.5, the curve is identical to the 

non-fading curve. At the other extreme where m = 0.5, the figure shows that the system 

can accommodate only 107 users. This number is 37 and nearly 50 percent lower than 

that for the Rayleigh fading case and the non-fading case, respectively.

Fig. 3.8 illustrates a plot between the maximum number of users at Pg <10“  ̂

versus the SNR with m as a parameter. Similarly, the detection threshold is optimized at 

each SNR value. For m = 2.5, the system capacity is reduced from 209 to 160 users 

(equivalent to 23 percent) as the SNR decreases from 40 to 15 dB. However, the rate o f 

the reduction is higher for smaller values of m. For example, in the worst case of 

m = 0.5, the number of users is reduced by 72 percent for the same range of SNR.



CHAPTER 3: VITERBI’S  FHSSMA SYSTEM IN FADING ENVIRONMENTS 37

m

LU

cc
ss
I -
m

1

1

1

10

20
m = 0.5

30

0.75

40

50

1.0 (Rayleigh fading)a

2 .0 —4::::;::::
2.5....1.......
Non-fading

R = 32 kbit/s 
W = 20 MHz

8

80 100 120 140 160 180 200 220 240
NUMBER OF USERS (M)

Fig. 3.7. Performance curves of Viterbi’s FH-SSMA system operating at SNR = 25 dB,

under the influence of Nakagami fading.



CHAPTER 3: VITERBI'S FH-SSMA SYSTEM IN  FADING ENVIRONMENTS 38

2 2 0 - 1

2 0 0 -
2.5

1 8 0 -

160

g
LU
CO
Z3 0.75u_
O
cc
LU
m

m = 0.5

1 0 0 -

8 0 -

R = 32 kbit/s 
W = 20 MHz60 -

2515 20 30 35 40
SNR (dB)

Fig. 3.8. Maximum capacity of Viterbi’s FH-SSMA system in Nakagami fading channel at 

Pg < 10“  ̂versus the signai-to-noise ratio with m as a parameter.
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3.7 Summary

In this chapter, the performance o f Viterbi’s FH-SSMA system in Rician, shadowed 

Rician, and Nakagami fading channels was investigated. The expressions for the deletion 

probability were derived. The system capacity for each fading case was evaluated. Also, 

the influence of the variation in the SNR level on the system capacity was examined.

For Rician fading, it was found that when p  is as low as 2 dB, the capacity is 

reduced by 13 percent in comparison to the non-fading case. Furthermore, it was 

demonstrated that higher values of p  give rise to a smaller reduction in the capacity as the 

SNR decreases.

For shadowed Rician fading, three shadowing scenarios were considered according 

to previous experiments. It was shown that the heavy shadowing scenario yields exactly 

the same performance as that for the Rayleigh fading case. Whereas, the capacity for the 

light and average shadowing scenarios is slightly lower than the non-fading capacity.

Finally, for Nakagami fading, a range of fading parameters m (from 0.5 to 2.5) was 

used in the numerical analysis. At m = 0 .5 , the system capacity was found to decrease 

drastically by nearly 50 percent in comparison to the non-fading capacity. It was further 

revealed that as the SNR is reduced, the number of users at a lower value of m decreases 

faster than it would at a higher value of m .
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Chapter 4 

Performance of a Cellular FH-SSMA 
System in an Indoor Environment

4.1 Introduction

Recently, there has been an increased interest in utilizing radio for data and voice 

communications in the workplace. This type of communication, for example, will allow 

workers to move freely without being connected to one place by cords, or permit mobile 

robots to roam freely in a factory. A radio system will also reduce or perhaps eliminate 

wiring in a new building, and allow an extension of communication services in an old 

building to be done easily without rewiring.

Unfortunately, the structural features of the building usually provide a hostile 

environment to radio propagation. Numerous channel measurements [31]-[50] have 

revealed that one of the most important characteristics of the indoor channel is multipath 

propagation. In such a channel, a transmitted signal reflects back and forth between 

various objects, e.g. walls, doors, floor, ceiling, partitions, etc., giving rise to a received 

signal that is a composite of several paths. In general, each path arrives at the receiver at a 

slightly different time from one another, resulting in a spread of the signal in time 

commonly known as multipath delay spread. The spread of a signal can vary widely from
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building to building, depending upon the shape, size, floor plan, and interior design of the 

building [34], [37], [40]-[42], It may also vary with the radio frequency [38], [42] and 

the type of receiving antenna [50] being used.

In a communication system where the channel is corrupted by the multipath delay 

spread, a transmitted signal does not only arrive at the receiver within one symbol period, 

but its delayed components will also arrive during the subsequent intervals. Clearly, the 

delayed components will interfere with the succeeding symbols, and may cause a 

detection error. This type of interference Is usually called intersymbol interference (ISI). 

The number of succeeding symbols which might be interfered by the ISI depends on the 

length o f the delay spread and the duration of the symbols themselves. The longer the 

delay is and/or the shorter the symbol period becomes, the larger the number of interfered 

symbols are.

Since the mid 1980s, a series of performance analyses for indoor wireless 

communication systems have been conducted. The analyses focused on both the spread 

spectrum techniques [Sl]-[58] and standard modulation schemes [59]-[62]. The direct- 

sequence and the hybrid direct-sequence/frequency-hopped systems were considered in 

[51]-[55] and [56] respectively, whereas the frequency-hopping technique was studied in 

[57] and [58]. In [5I]-[57], the indoor channel model suggested by Kavehrad [51] was 

exploited. This model is assumed to have a fixed number of propagation paths with equal 

gains, and path delays that are uniformly distributed over a symbol period. Although this 

model seems to be physically unrealistic, Kavehrad and the others used it for its 

tractability. In [58], only a single-path propagation model was considered, i.e. the effect 

of the multipath delay spread was neglected.

The analysis in [59], which examined phase shift keying as a modulation scheme, 

employed continuous delay spread models which were not obtained from any indoor
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measurements. In [60], the difFerential-phase-shift-keying modulation was studied for 

indoor Rician fading channels. As in [58], the multipath delay spread was ignored.

In [61] and [62], Valenzuela investigated the performance of quadrature amplitude 

modulation for indoor communication, using a discrete channel model proposed by Saleh 

and Valenzuela [33]. This model, which is completely different from that of Kavehrad, is 

based on actual impulse response measurements taken in an office building. Kavehrad and 

Ramamurthi [53] also considered this model in their work, but both they and Valenzuela 

conducted their studies by means of simulation only.

In this chapter, an indoor cellular communication system employing frequency 

hopping as the multiple access scheme is considered. Saleh and Valenzuela's channel 

model will be used to evaluate the system performance analytically. It will be seen that 

the mathematical development is indeed tractable, although the two researchers believe 

that their channel model is more convenient for use in simulation than in analyses. 

Moreover, since the model is derived from actual channel measurements, it seems to be 

more realistic than the one proposed by Kavehrad. Using such a model for the 

performance prediction would therefore lead to a more accurate result.

In the next section, an explanation of Saleh and Valenzuela’s channel model is 

provided. Then the system operation and the signal model are respectively described in 

Section 4.3 and 4.4. The performance analysis will be conducted in Section 4.5, followed 

by the numerical results in Section 4.6 and the summary in Section 4.7.

4.2 Saleh-Valenzuela Channel Model

During the mid 1980s, Saleh and Valenzuela [33] conducted channel measurements in an 

office building of the AT&T Bell Laboratories. Based on the measurement results, the
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researchers developed a statistical model for the indoor multipath channel. Their model 

appears to fit the measured data very well and more importantly is extendable to other 

buildings. Saleh and Valenzuela employed the discrete representation of the channel 

impulse response given by

= (4.1)
k

where ) is the Dirac delta function. is the positive gain of the ^th path or ray, is 

the propagation delay, and represents the phase shift. In general, t^, and 0^ are 

random and vary with time. It is assumed, however, that the rate o f their variation is 

slow in comparison to the signaling rate. Therefore, the parameters are treated as time- 

invariant random variables.

In [33], it is found that rays generally arrive in clusters. A cluster is formed by a 

number of rays reflecting back and forth in the vicinity of the receiver and/or the 

transmitter. The first arriving cluster is usually due to a signal that propagates over an 

open space, such as a hallway, and passes through only a few walls. The path of such 

signal is not necessarily a straight line. Subsequent clusters, on the other hand, are 

normally formed by signals that reflect off the interior structures of the building, such as 

metal doors and walls.

Saleh and Valenzuela modeled the cluster arrival times (or the arrival times of the 

first rays of clusters) as a Poisson process having a fixed arrival rate A . Also, they 

modeled the arrival times of subsequent rays within each cluster as a Poisson arrival 

process with a fixed rate A . Typically, A »  A as a cluster consists o f several rays.

If we let Tj (y = 0,1,2, •••) denote the arrival time of the yth cluster, and 

(k = 0 , 1, 2 , •••) denote the arrival time of the Ath ray of the yth cluster, both Tj and 

can be described by independent interarrival exponential probability density functions:
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p(î'y|7}_i) = Aexp[-A(r^.-r^.-,)], ; > 0 ,  (4.2)

Note that for the first cluster, 7^ = 0 , and for the first ray of the yth cluster, Tq  ̂ = 0.

The gain of the kûi ray o f the yth cluster and its phase angle are denoted by 

and Of̂ j, respectively. The phase angles are assumed to be statistically independent 

and uniformly distributed over [0 ,2;r). Whereas, the path gains ^Pkj] found to be 

Rayleigh distributed with a probability density function (PDF):

Pkj

4
e l

(4.4)

where ] is the mean square of the path gain, or equivalently the average path

power gain. It is assumed that all the path gains are identically distributed, but 

statistically independent of each other and of the phase angles. Moreover, it was found 

that is a monotonically decreasing function of Tj and T  ̂, which is expressed as

(4.5)

where P ^  is the average power gain of the first ray of the first cluster. T and t] are 

power-delay time constants for the clusters and the rays, respectively.

4.3 System Operation

Consider a cellular FH-SSMA system operating on a floor of a building. The system 

comprises a number of base stations, each communicating with M  simultaneous users. 

The radio spectrum is reused in every cell on the floor. The data modulation scheme is
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binary frequency shift keying (BFSK). This scheme is selected for the sake of simplicity, 

as the analysis focuses on the effect of the delay spread. Furthermore, BFSK tends to 

outperform non-binary FSK as far as the multiple access interference is concerned [23]. 

This is due to the fact that, when there is a hit, the probability of correct detection for the 

BFSK scheme is greater than that for a non-binary FSK scheme.

4.3.1 Transmitter Model

Depicted in Fig. 4.1 is the simplified block diagram of a transmitter employed in the FH­

SSMA system under consideration. The forward-error-correction (FEC) encoder receives 

the data bits at a rate of bit/s and produces the coded bits at a rate of bit/s,

where r is the code rate. Each coded bit is then transformed into a BFSK symbol by the 

modulator. Exiting from the modulator at a rate of (= R^ in this case) symbol/s, each 

modulated symbol is hopped across the spread-spectrum bandwidth W , with a rate L 

times faster than the symbol rate itself. As a result, L copies of a symbol (called chips) 

are transmitted via L hopping frequencies during a symbol period T̂ .

As in [63], the hopping patterns are chosen such that no two users in the same 

cell hop to the same channel at the same time. It is further assumed that the hopping 

patterns of any two users in different cells are independent of each other.

4.3.2 Receiver Model

The simplified block diagram of a receiver is illustrated in Fig. 4.2. First, the received 

signals are dehopped with a hopping pattern identical to that used in the transmitter. The 

demodulator then performs noncoherent detection on L dehopped signals every T̂  

seconds, and transform them into the corresponding chips. Due to the channel
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Fig. 4.1. Simplified block diagram of a transmitter for 
the cellular FH-SSMA system.
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Fig. 4.2. Simplified block diagram of a receiver for 
the cellular FH-SSMA system.
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impairments and multiple access interference, the decision on some of the chips may be in 

error. Therefore, to determine which symbol was actually transmitted, all L chips are 

shifted into a majority logic decision device, wherein the symbol corresponding to the 

majority of the chips is chosen as the correct one. Should a tie occur, an arbitrary 

decision is made between the tied chips. The FEC decoder then converts the demodulated 

symbols into message bits.

4.4 Signal Model

Fig. 4.3 illustrates the arrival of a chip that has traversed through an indoor multipath 

channel. As it leaves the transmitter, a chip has a total duration of seconds. Due to 

the delays in the propagation paths, the received waveform has an overall duration longer 

than seconds as shown in the figure.

a delayed path of first cluster

first rav of first cluster

-T.

first ray of subsequent cluster

a delved path o f subsequent cluster

Tj Tj+Tkj - V T , \ 2 T , t

Symbol ISI 1
\
Th+Tj+T|^i

part part

Fig. 4.3. Received signal model
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In general, the waveform can be divided into two parts, namely symbol part and 

ISI part. The symbol part, which covers the interval [O, 7^], comprises of the first ray of 

the first cluster and the leading portions of subsequent rays and clusters. It is this part of 

the waveform that the receiver will be synchronized with. The ISI part, on the other 

hand, consists of the rear portions of the subsequent rays and clusters, and lies beyond 

7^. In Figure 4.3, only two clusters are shown for convenience. In reality, the waveform 

consists of several rays and clusters.

For simplicity, the value of each channel parameter is assumed to be within a 

certain range where the ISI is caused only by an immediately preceding chip, although the 

analysis can be extended to include more severe ISI. Based on the channel model 

introduced in Section 4.2, the received waveform of a chip can be expressed as

r { t ) = ^  X^;tyCos[2^4.+4.)r+0^.]p7.Jr-iT;, -r^. -  + (4.6)
y=0 k=0

where f^- is the frequency of the nth hopping address, (5=1 or 0) represents the 

BFSK carrier frequency, the subscript i denotes the ith hop interval, N{t) is the AWGN, 

and p j  (t) is a rectangular pulse defined as

Pt (t) —
n  if 0 < f < 7),

(4.7)
0  otherwise.

4.5 Performance Analysis

The cell configuration o f the FH-SSMA system is depicted in Fig. 4.4. As in [64], each 

cell is assumed to have an ideal rectangular shape. This configuration seems reasonable 

for the indoor environments since the superstructures of most buildings are square.
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However, the analysis in this chapter is not necessarily restricted to this configuration. It 

may also be applicable to other cell shapes such as the commonly used hexagonal one.

BASE NO. 1
e

CELL NO. 1

BASE NO. 2 
•

CELL NO. 2

BASE NO. 3 
#

CELL NO. 3

^  REFERENCE USER

BASE NO. 4 
•

CELL NO. 4

Fig. 4.4. Cell configuration

4.5.1 Probability of Bit Error

In this subsection, the error performance of a user (called reference user) communicating 

with base station no. 1 (called reference base station) from the intersection of the cells is 

determined. Clearly, at this location the reference user is far away from each base station 

at the same distance. It is assumed that the reference user is using an omnidirectional 

antenna on its transceiver. Also, the propagation path loss between the reference user 

and the four surrounding base stations is assumed to be equal. Under these 

circumstances, the reference user will receive signals from all the base stations at an equal 

power level. This situation is referred to as the worst-case scenario for the downlink.
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For the uplink, such scenario would occur in the same manner. If power control is 

employed and the interfering users are located halfway between the reference base station 

and their own base stations, the reference base station will receive all the signals (desired 

and interfering) with equal power. Therefore, in this case, the analysis here will also 

apply.

To analyze the problem, let us consider an /th hop interval where the nth channel 

is being occupied by the reference user. It is assumed that the system synchronism is 

perfectly maintained. According to the hopping strategy mentioned above, the possible 

hits that the reference user may experience are:

1. A partial hit caused by the ISI part of an intra-cell user who occupied the nth 

channel during the (/ -  l)th hop interval.

2. Partial hits caused by the ISI parts of inter-cell users who occupied the nth 

channel during the (/ -  l)th hop interval.

3. Full hits caused by the symbol parts of inter-cell users who currently occupy 

the nth channel.

When each cell has M  users, the probability that the reference user will be hit by 

at least one of these users (either intra-cell or inter-cell) is

f
and the probability that the reference user does not get hit is

where = WflLR^ is the number of hopping channels.

When there is a hit, a detection error can occur at the receiver. Also, the AWGN 

can cause an error whether or not a hit is present. Therefore, the error probability o f the
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reference user may be described by a combination of two separate events: the probability 

o f error without any hit and the probability of error with hits. If we assume that a 

previous hop and a present hop are independent of each other, we may further divide the 

event of the hits into two disjoint cases: the ISI hits from the (/ -  I)th hop interval and 

the symbol hits from the /th interval.

Let H denotes the event that the reference user does not get hit, xHj be the event 

that X ISI hits are present, and yH^ be the event that y  symbol hits occur. Then the error 

probability of the reference user may be expressed as

P^=F[e\H)p(H)

+ P[e\QHj, \H^)p{OHj)P(lHs) + ■■ ■ + P[e\OHj, yH^) p ( 0 / / ; )

+ P(e\ IHi , IH^ )p{lHj ) + ••• + F(e| IH^, yH^ )p{lHj )

+ 2H,,  + ■.. + P(e\2H,. yH,)p{2H,)P(yHs)

+ P(e\xH,.W;)p(xH,)P(lH^) + -  + p{e\xH,, yH^)p{xH,)P{yHs). (4 .10)

where P[e\ / / )  is the probability of error given there is no hit. P[H^ is the probability of 

no hit. P{e^xHf, j is the probability of error given there are x ISI hits and y  symbol 

hits. P[xHj)  and are the probability of x ISI hits and y  symbol hits,

respectively. Note that P{e\ H) is equivalent to P^e|o// ,̂ 0//^), and P[ H) is equivalent 

to P(OHf)p(OH^).

To determine P{xHj^ and P(y//^), let C denote the total number of cells in the 

system. Since a hopping channel of a cell can be occupied by only one intra-cell user at a 

time, then the total possible number of ISI hits is equal to C, and the total possible 

number of symbol hits is C -1 .  Moreover, since the hopping patterns of any two users
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in different ceils are assumed to be independent, the probability that x  out of C ISI hits 

are present is

,\C -fN ^ - M
N.

(4. II)
h y

and the probability that there are y out of C - 1 symbol hits is

" M  '
y C—I—V

I J
(4.12)

For each particular set of x  and y , there are respectively and ~ ways in 

which X  and y  can be selected from a total of C and C - 1 hits. Therefore, the 

probability of x  ISI hits, P{xHj ), and y  symbol hits, P{yH^ ), can be written as

P ( x H , )  =
^ w y r w , . - w f - v c '

Nh X
(4.13)

and

Nf ^ - M
N,

\C - l - y c - n
(4.14)

Substituting (4.13) and (4.14) into (4.10), we obtain

c c-i
' ■ . = 1 1

x = 0  y = 0

N ^ - M
N,h y

It should be noted that the presence of and in (4.15) implies that

p{e\xHj, yH^^ would remain the same regardless of which cells the x  and y  hits are from. 

This is due to the assumptions made earlier.

When the reference user is hit by another user, ± e  hit does not always mean
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damage to the reference user. In fact, if the signals from the interfering user and the 

reference user bear the same symbol, their energy will combine, resulting in a possibly 

stronger signal. However, if the interfering user is transmitting the opposite symbol, both 

BFSK bands of the reference user will be filled with energy. This condition may lead to a 

detection error. To take these two possibilities into account, let w (out of x) and z (out 

of y ) be the number of hits that fall into the same band as the reference user. Then it 

follows that the number o f ways in which w hits can be selected from x  ISI hits is 

and z hits selected from y  symbol hits is If we assume that each BFSK symbol is 

equally likely, the probability o f w hits can be written as

and the probability of z hits can be given by

x - w f  X \
(4.16)

iV Y l

V -  /

(4.17)

Summing over all possible number of w and z hits, we may express Pi^e\xHj,yH^^ as

P [ e \ x H , . y H , ) = ± 2 [ \
w=0 c—0

x+y f x ^
P(e\x, w, y, z). (4.18)

where P{e\x, w, y, z) is the conditional probability o f error given x  ISI hits and y symbol 

hits with w and z hits occupying the same band as the reference user.

Substituting (4.18) into (4.15), the error probability P̂  becomes:

Ç Ç - 1  X y r

x = 0  y = 0  w = 0  z = 0

M N ^ - M

j

2 C - l-x -y rc r c - n .r

w

\ r y \

v-y
P[e\x, w,y, z).

(4.19)
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The expression above is the error probability o f a chip at the output of the 

demodulator (see Fig. 4.2), averaged over all possible combinations of the hits. The 

symbol error probability, P ,̂ at the output of the majority logic decision device can be 

found as follows.

Consider L demodulated chips corresponding to a transmitted symbol. The 

probability that q out of L chips are detected in error can be described by a binomial 

distribution;

y
(4.20)

If L is odd and q'>\L!2~\, where fa"] denotes the smallest integer no less than a, the 

decision device will choose a wrong symbol with certainty. If L is even, the same is true 

for q > 6 /2 . For q = 6/2, an incorrect symbol is chosen with probability 1/2. Therefore, 

P̂  may be expressed as

P s -

I
Kfl

(L
P ^ [ l - P , )

L - q
for 6  odd

I  “  forLeven
r r  \

(4.21)
L - q

Finally, to determine the probability o f bit error Pg, it is assumed that an {n, k) 

block code, capable of correcting all combinations of errors up to and including e errors, is 

employed. Thus, Pg can be approximated by [5, Eqn. 5.46]:

i=e+l
(4.22)

y
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4.5.2 Evaluation of P [ e \ x ,  w, y,  z)

Within the BFSK demodulator, there are two sets of envelope detectors. One is used to 

detect symbol “ 1”, while the other is for symbol “0”. The outputs of the detectors are 

sampled every 7)̂  seconds, and then transferred into a decision device, where a hard 

decision is made.

Let q^{i) and (7q(0 denote the outputs of the envelope detectors evaluated at the 

/th hop interval for symbol “ 1” and symbol “0”, respectively. Then, <7j(/) and Çq î̂ ) may 

be written as [10, Ch. 7]

= + % ( ') .  (4.23)

%(') = +^1^'rj(^T)sm2lfi^zdT

= V 4 ( ')  + 4 ( ' ) .  (424)

where r^(r) = r{t)d{t) is the dehopped signal at the input to the demodulator. d{t) is the 

dehopping signal generated by the frequency synthesizer:

d{t) = lcos(27tf j  + q>)pj  ̂(f-/7}J, (4.25)

where <p is the phase angle introduced by the synthesizer.

Substituting (4.6) and (4.25) into (4.23), the general expression for can be 

written as [65]

?!,( ') = / ,( ')  + 0,{i  -1 )  + N„(i). (4.26)

where /,()) represents the contributions from symbol parts, O M  — I) is the term due to
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ISI parts from the (/ -  I)th interval, and is the narrowband noise term.

In order to prevent the loss o f orthogonality due to the delayed arrival of clusters 

and rays from degrading the system performance, a band-pass filter is employed at the 

front-end o f the demodulator. As a result, only the intended dehopped signal will be 

allowed to pass through.

If we assume that symbol “ 1” is sent to the reference user, then /^(/) and 

0^{i  - 1) can be expressed as

'.(0 = 1  i  -7} -  (4 2 0
1+ : 7 = 0  k=0

= , (4,28)
w  7 = 0  k -0

where = 6^ -<p. The summation over 1 + z represents the reference user’s signal 

plus z symbol hits, while the summation over w denotes the sum of w ISI hits. The 

expression for may be written in ± e  same format as ^1^(0 by replacing cos^^ 

with -sin^^y.

Similarly, qQ̂ {i) in (4.24) can be given by

% c ( 0  = X  Ë - T j  -  T^Xcos^^y + Z  £  £ i k  % Kcos^t7 +^6(0,
y—z 7 = 0  /fc=0 jT-H- 7= 0  ife=0

(4.29)

where y  — z and .r -  w represent the number of symbol hits and ISI hits carrying symbol 

“0”, respectively.

Recall that the path gains |)3^y| are found to be Rayleigh distributed, with a PDF 

given by (4.4). If we assume that the phase angles j^^yj are uniformly distributed over 

[0 , 2 ;r), it can be shown that |)8^ycos0 ^y| and |)8^ysin0 ^y| are independent zero-mean
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Gaussian random variables (see Appendix C). Therefore, for any given Tj and each 

o f the terms in (4.27), (4.28) and (4.29) can be characterized by a zero-mean Gaussian 

variable. Since all the terms in each of the equations are independent and the narrowband 

noise term is also Gaussian distributed with zero mean, it can be concluded that ^i^(/) and 

^Oc(0 (as well as <ŷ (̂r) and <7oj(0) are zero-mean Gaussian random variables.

The above discussion in conjunction with (4.23) and (4.24) may be viewed as a 

classical problem of the narrowband Gaussian process [9], [10]. Thus, q^{i) and ^q(0 are 

characterized by the Rayleigh density functions:

p(<7i) = -^ e x p

and

J L

%
205

> 0

(7o>0

(4.30)

(4.31)

where o f  and 0 5  are the variances of «7j(/) and %(/), respectively.

Since the random variables in both (4.27) and (4.28) are independent of each other 

and of Nf^{i), o f  can be expressed as

= E Z É ~ ’̂ kj)
l+r y=0 k=0

4- E X i  + (4.32)
w j= 0  k=0

where £{•} denotes expectation or mean. The last term in (4.32) is the variance of the 

narrowband noise, which is found to be NqT/^IA, where Nq is the one-sided spectral



CHAPTER 4: CELLULAR FHSSMA SYSTEM IN INDOOR ENVIRONMENT 58

density of the AWGN [10, Ch. 7],

As it is assumed earlier, all the received signals are identically distributed and the 

channel parameters are constant throughout the service area. The first expectation in 

(4.32) will yield 1 + z identical results, while the second expectation produces w identical 

results. Therefore, (4.32) can be rewritten as

-> 1 ■ 
< n = -

j= 0 k=0

[y=0 k=0
kj > + (4.33)

It is shown in Appendix D that the first expectation in (4.33), which is the 

variance due to the symbol parts, is given by

Z  -  T'j - ̂ kiYPfj cos- <Pkj I = (1 + n̂ )(l + TA)
7=0 /fc=0 J ^

-  27),[(1 + i7A )r-A  + (1 + rA ) t] - l]  + 2[(1 + i7A)r^A + (1 + FA) 7?̂  A + n'Ar-A]}.

(4.34)

The second expectation, which is due to the ISI parts, is derived in Appendix E to give

+ h jf  Pi cos2 + 77A)2r3A+ ( 1 + rA)2n^i+ 2 n - A r W .

y=0 k=0 ^

(4.35)

If we let S denote the total variance of a received signal, it is shown in Appendix F

that

^ w  = 5 - r , - ( i  +  77A )(i+rA )
8

-1
(4.36)
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Substituting (4.34)-(4.36) into (4.33), we obtain

cjf = S{(1 + z)F + wC7} + (4.37)

where

F = [r,;(l + n;i)(l + TA )]' {7̂ (1+ r|A)(l + f a )  -2T,[(1 + i)A)r-A + (1 + TAjij-i]

+2[{1 + /)A)r’A + (I + rA)»)U + /J-AF-a ]}, (4.38)

and

G = [7^(1  + nA)(l + FA)] {(1 + r]A)2r^A + (I + rA)2t)^A + 2n"A r-A } . 

On the other hand, <75 in (4.31) may be written as

(4.39)

h j ) ' P i  cos- «4,
y=0 k=0

j=0 k=0
(4.40)

Utilizing the results from Appendix D, E, and F, we have

03  = 5 { (y -z )F  + (.r-w )G } + —̂ (4.41)

Since symbol “ 1” is sent to the reference user, a decision error will occur if <7q(0 is 

greater than q^ii). Thus, the error probability P[e\x, w, y, z) can be given by

P(e\x, w, y, 2) = Pr[<7o > 7̂i]

(4.42)

Substituting (4.30) and (4.31) into (4.42), we obtain
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P(e\x, w,y, z) = ^ r - ^

yo{(l + y)F + %G} + 2 ’

where /g  the average signai-to-noise ratio defined by

"  % / 4  ■

Note that with the absence of the delay spread (i.e. A = A =  0 or F = t] =0)  and 

the multiple access interference (y = z =0), (4.43) reduces to the well-known BER 

expression for the Rayleigh fading case without delay spread [22, Eqn. 9-5-22];

F(e) = — L - .  (4.45)
Xo + 2

4.6 Numerical Results and Discussions

Table 4.1 illustrates the maximum number of users which can be supported by each cell 

for different values of L and selected values of the channel parameters. The number of 

users is determined at Pg < 10“  ̂ with C = 2, Yq =25 dB, W = 20 MHz, and = 32 

kbit/s. The FEC is provided by the (23, 12) Golay code, for which e = 3. It can be 

observed from the table that the optimum L at which the number of users is maximized is

3. Hence, this value will be used throughout the rest of numerical calculations.

In Fig. 4.5, the number of users M is plotted against the bit error probability Pg 

with C =2, 3, and 4. The SNR Yq is chosen to be 25 dB. The allocated bandwidth W is 

20 MHz, and the symbol rate R^ is 32 kbit/s. In order to focus on how the system 

performance is affected by the number of cells in the system, the ISI is ignored in this
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TABLE 4 .1

Maximum number o f users for different values of L 
and selected values of the channel parameters.

L

Maximum Number of Users

Rayleigh Fading 
without 

Delay Spread

1/A = 500 ns 
1/A = 50 ns 
r  =700 ns 
rj = 300 ns

1/A = 300 ns 
1/A = 5  ns 

r  = 1000 ns 
rj = 700 ns

1 36 35 35

3 41 40 36

4 30 28 23

5 37 34 27

6 31 28 19

7 33 29 19

8 29 24 14



CHAPTER 4: CELL ULAR FHSSMA SYSTEM IN  INDOOR ENVIRONMENT 62

figure. From the figure, it can be seen that, with C = 2 (one interfering cell), 41 users can 

be simultaneously supported in each cell at Pg = 10"^. Whereas with C = 3, Af drops to 

22 users, and with C = 4, Af = 15. It is obvious that the reduction in the system capacity 

is somewhat significant, especially for the latter case of C = 4. However, had the 

hexagonal cell pattern been used, there would have been only three cells that intersect at 

one point. In such a case, only two interfering cells exist. Moreover, if a power control 

strategy such as that considered in [66] and/or a cell sectorization technique are exploited, 

the system performance may improve.

Fig. 4.6 illustrates the bit error probability Pg as a function of the number o f users 

M, at various values of cluster power-delay time constant F. As in Fig. 4.5, /q  = 25 dB, 

W = 20 MHz, and = 32 kbit/s. The number of cells C is chosen to be 2. All the 

channel parameters other than F are fixed and selected to be: 1/A = 300 ns, 1/A = 5 ns, 

and 77 = 20 ns. The curve for the Rayleigh fading case without delay spread (no ISI) is 

also provided for comparison. From the figure, it can be observed that when F  < 570 ns, 

the performance curve is basically identical to that for the non-ISI case. However, as F 

increases, the number of users decreases accordingly. For example, at F = 7 jis, the 

system capacity reduces from 41 users (non-ISI case) to 12 users at Pg =10 \  This 

phenomenon is due to the fact that when F is high, the subsequent clusters will decay 

slowly enough to cause the ISI portion o f a signal to have a significant amount of power, 

which can severely interfere with the succeeding symbol.

In Fig. 4.7, the maximum number of users per cell at Pg < 10“  ̂ is plotted against 

F, with C =2, 3, and 4. The parameters used for this figure are identical to those used for 

Fig. 4.6. It is observed from the figure that, for C = 2, as F becomes smaller than 570 ns, 

the capacity of the system is 41 users, which is the non-ISI capacity shown in Fig. 4.5 

and 4.6. On the other hand, as F increases to 6.5 |is, the capacity is reduced to 12 users
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and remains unchanged as Y grows larger. Similarly, in the case of C = 3, the number o f 

users drops from 22 to the lower bound of 7 as F increases from 640 ns to about 6.6 |is. 

For C = 4, the capacity begins to decrease from 15 users as F > 680 ns, and reaches its 

lowest value at 5 users as F > 6 |is. From these observations, it can be noted that the 

system capacity will not decrease until F becomes large enough, and will no longer 

decrease as F grows beyond a certain value.

Fig. 4.8 demonstrates how the number of users in each cell is affected by a change 

in the cluster arrival rate A , with C as a parameter. All the channel parameters (except A 

of course) are fixed and chosen to be; F = 2 p.s, 1/A = 5 ns, and r] = 20 ns. The system 

parameters are identical to those used for the previous figures. With C = 2, as A 

increases from 10  ̂ to 7x10® cluster/s (or equivalently, 1/A decreases from 1 |i.s to 1/7 

ps), the number of users reduces from 34 to 31, and remains at this value as A increases 

further. With C = 3, the system capacity is reduced from 19 to 17 users at A > 4.1 x 10® 

cluster/s. Finally, with C = 4, the capacity decreases from 13 to 12 users at 

A = 1.4 X 10® cluster/s. It can be noted from this figure that the system performance is 

affected by A in the same manner as it is by F. That is, the capacity decreases from a 

maximum value to a minimum value within a certain range of the parameter. However, the 

capacity reduction due to A is not as substantial as the reduction due to F.

In Fig. 4.9, the number of users at Pg < 10”  ̂ is plotted against A, with F taking 

on values between 300 ns and 3 ps. 1/A, rj, and all the system parameters are the same 

as those used in Fig. 4.8. The number of cells is chosen to be 2. From the figure, it is 

observed that, for F = 300 ns, the system capacity decreases from 41 to 40 users. This is 

equivalent to only a 2.4 percent reduction. However, as F becomes larger, the rate of the 

reduction increases accordingly. For example, at F  = 2 ps, the number of users is reduced 

from 34 to 31, which is an 8.8 percent decrease. Whereas at F  = 3 ps, the reduction is as
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high as 14.8 percent (from 27 down to 23 users).

Fig. 4.10 shows the maximum number of users at Pg < 10“  ̂ as a function o f the 

normalized parameter ty/F. It should be noted that this parameter cannot be larger than 

unity, since, according to the Saleh-Valenzuela channel model, the rays within a cluster 

decay faster than the first ray of the next cluster. The system parameters and the other 

channel parameters are selected as follows: C = 2, /q = 25 dB, W = 20 MHz, = 32 

kbit/s, 1/A = 300 ns, and 1/A = 5 ns. The figure reveals that at a very low value of F (for 

example 100 ns), where the system is still at its maximum capacity (41 users), the 

increase in ry/F (or equivalently, the increase in %) does not affect the system capacity. 

However, as F rises, the increase in ry will produce a further reduction in the capacity, 

which has already been reduced by F itself. The higher the values o f these parameters 

are, the more severe the reduction becomes.

In Fig. 4.11, the maximum number of users at Pg < 10“  ̂ is plotted against the ray 

arrival rate A , using the same system parameters as in Fig. 4.10. Various combinations of 

F, ry, and A are used for each curve in the figure. It can be observed that no matter what 

the values o f these parameters are, the variation in A has only a little or no effect on the 

system performance.

Finally, in Fig. 4.12 the performance curves of the system operating at /?y = 16, 

32, and 64 kbit/s are plotted. All the other parameters are fixed and chosen to be: C = 2, 

Yq =25 dB, W = 20 MHz, F = 2 |is, ry = 200 ns, 1/A = 300 ns, and 1/A =5 ns. It is 

observed that with R^ = 16 kbit/s, the capacity at Pg < 10“  ̂ is reduced due to the ISI from 

83 users to 77 users. This is equivalent to only a 7.2 percent reduction. However, with 

R  ̂ = 32 kbit/s, the decrease is approximately 24 percent. With R^ = 64 kbit/s, the 

reduction is as high as 55 percent. This occurrence is due to the fact that, as R^ increases, 

the hop duration 7  ̂= l/LR^ decreases if L is fixed. Under the same multipath
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environment (i.e., same channel parameters), the reduction of 7̂  will result in a longer ISI 

part, which poses more interference to the succeeding symbol.
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Fig. 4.5. Performance curves of the cellular FH-SSMA system with C =2, 3, and 4. The

ISI is ignored. The system parameters are selected as follows: Yq = 25 dB, W = 20

MHz, and R  ̂= 32 kbit/s.
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Fig. 4.6. Performance curves of the cellular FH-SSMA system with C =2, and F as a

parameter. The system and the channel parameters are selected as follows: /g  ~ ^5 dB,

W = 20 MHz, R  ̂= 32 kbit/s, 1/A = 300 ns, 1/A = 5 ns, and 77 = 20 ns.
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time constant, P. The system and the channel parameters are selected as follows:

Yq = 25 dB, W = 20 MHz, R  ̂= 32 kbit/s, 1/A = 300 ns, 1/A = 5 ns, and t] = 20 ns.
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Fig. 4.8. Maximum number of users per cell at Pg < 10“  ̂versus the cluster arrival rate, A .

The system and the channel parameters are selected as follows; Yq ~ 25 dB, = 20

MHz, R^ = 32 kbit/s, T = 2 fis, 1/A = 5 ns, and T] = 20 ns.
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other channel parameters are selected as follows: Yq ~  dB, W = 20 MHz, = 32 

kbit/s, 1/A = 5 ns, and tj =  2 0  ns.
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Fig. 4.10. Maximum number of users per cell at /g < 1 0 “  ̂ versus the normalized 

parameter ty/F, with F =100 ns, 500 ns, 1 |is, 2 |is, 3 jis, and 5 p.s. The number of ceils 

is 2. The system and the other channel parameters are selected as follows: /q  = 25 dB, 

= 20 MHz, R  ̂= 32 kbit/s, 1/A = 300 ns, and 1/A = 5 ns.
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Fig. 4.11. Maximum number of users per cell at Pg < 10”  ̂ versus the ray arrival rate, X .

The number o f cells is 2. The system parameters are selected as follows: Yq = 25 dB,

W = 10 MHz, and R  ̂= 32 kbit/s.
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4.7 Summary

In this chapter, the effect of time delay spread on the performance of a cellular FH-SSMA 

system operating in an indoor environment was investigated. Saleh and Valenzuela’s 

channel model which appears to be more realistic than the one suggested by Kavehrad

[51] was employed. It was demonstrated lhat the Saleh-Valenzuela model can well be 

used in the analysis although it is previously thought to be more convenient for use in 

simulation.

The influence of the charmel parameters on the system performance, which is 

given in terms of capacity, was illustrated. It was found that the change in the cluster 

power-delay time constant F can greatly affect the number of simultaneous users 

supported by each cell. The larger F gets, the smaller the number of users becomes. 

However, it was revealed that the capacity will no longer decrease as F increases beyond 

a certain value. The capacity is also affected by the change in the cluster arrival rate A in 

the same manner as it is by F. However, the reduction in the number of users is not as 

substantial.

For T], the results showed that, when F is high enough to decrease the capacity, 

the increase in q will further reduce the capacity significantly. The only parameter that 

has a little or no effect on the system performance is X . Finally, it was shown that, with 

fixed values of the channel parameters, the reduction of the capacity will become more 

substantial as the transmission rate increases (or equivalently, as the hop interval becomes 

shorter).
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Chapter 5

Conclusions and Future Research

A summary of previous chapters is given in Section 5.1. Suggestions for future research 

are made in Section 5.2.

5.1 Summary of the Dissertation

In Chapter 2, a brief description of the conventional and Viterbi’s frequency-hopped 

spread-spectrum techniques was provided. It was illustrated that each technique is 

completely different with respect to the operation. The mathematical models for 

Rayleigh, Rician, shadowed Rician, and Nakagami fading were also described. Among 

these models, the Nakagami model appears to be the most versatile, since it represents the 

entire range of fading, i.e. from one-sided Gaussian to non-fading.

Chapter 3 presented the performance analysis o f Viterbi’s FH-SSMA system 

under three different fading scenarios, namely Rician, shadowed Rician, and Nakagami 

fading. These fading scenarios are found to exist in certain mobile environments. For 

example, Rician fading can occur in an indoor or an urban microcellular system. Shadowed 

Rician fading may take place in a land mobile satellite channel. Nakagami fading may be 

found in an urban mobile environment. The probability of signal deletion for each of
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these fading scenarios was derived. The system performance was evaluated in terms of 

system capacity, using the same parameters considered in a previous work by Goodman 

et al. The results o f that work were also compared with the results o f Chapter 3.

Throughout the analysis, a data rate of 32 kbit/s and a bandwidth of 20 MHz were 

used. The number of bits and the number of hops per message symbol were optimized at 

a required bit error rate of 10~^, and found to be 8 and 19, respectively. For the Rician 

fading case, a range of the Rician factor (from 2 dB to 10 dB) was considered. It was 

found that, when the factor is as low as 2 dB, the system capacity is less than the non­

fading capacity by only 13 percent, yet 7 percent greater than that for the Rayleigh fading 

case. However, as the Rician factor increases to 10 dB or more, the system capacity is no 

longer affected by the fading. Moreover, it was shown that the variation in the capacity 

due to the change in the SNR will become more substantial as the Rician factor decreases.

In the shadowed Rician fading case, the results for the light, average, and heavy 

shadowing scenarios were illustrated. The last scenario was shown to have the same 

effect on the system capacity as the Rayleigh fading case. Whereas the light and the 

average shadowing scenarios produce only a slight decrease in the capacity (compared to 

the non-fading case). Finally, for Nakagami fading, the system performance was 

evaluated with the values of the fading parameter ranging from 0.5 to 2.5. At the worst- 

case value of 0.5, the system capacity reduces by 37 percent from the Rayleigh fading 

capacity, and nearly 50 percent from the non-fading capacity. It was also shown that as 

the SNR drops, the system capacity at a low value of the fading parameter will decrease 

faster than it would at a higher value of the parameter.

In Chapter 4, a cellular FH-SSMA system in an indoor environment was studied. 

The channel model developed by Saleh and Valenzuela from their measurement results 

was used. In this model, the multipath delay spread is characterized by four channel
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parameters, namely cluster arrival rate, ray arrival rate, cluster power-delay time constant, 

and ray power-delay time constant. The performance analysis was exclusively concerned 

with the worst-case scenario, where the reference user receives all the signals (desired and 

interfering) with equal power levels. The conventional (fast) FH-SS technique was 

exploited along with the BFSK modulation. Also, FEC was incorporated into the system. 

With a symbol rate of 32 kbit/s, a bandwidth of 20 MHz, a signal-to-noise ratio of 25 dB, 

and the (23, 12) Golay code, the optimum number of hops per symbol was found to be 3.

The performance of the system, given in terms of the number of users per cell, 

was shown to reduce drastically when the number of adjacent interfering cells increases 

from one to three. It was also found that the system capacity can substantially decrease 

due to the increase in the cluster and the ray power-delay time constants. The same is 

true for the cluster arrival rate except that the reduction in the capacity is not as 

substantial. The ray arrival rate was found to be the only parameter that has a negligible 

effect on the system performance.

5.2 Future Research

The performance analysis of Viterbi’s FH-SSMA system has completely ignored the 

Doppler shift. In practice, however, this phenomenon may become evident as a mobile 

user moves at a relatively high speed. Therefore, further investigation in this subject is 

recommended.

Multipath delay spread is another issue that has been ignored in the analysis of 

Viterbi’s FH-SSMA system. Since this system can be utilized as well in an environment 

where multipath delay spread is prominent, a further study in this matter is also 

suggested.



CHAPTER 5: CONCL USIONS AND FUTURE RESEARCH 78

The analysis o f Viterbi’s FH-SSMA system was concerned with three fading 

scenarios, which are found in certain mobile environments. In some cases, experiment 

data may be best described by a shadowed Nakagami distribution. A study on this fading 

model is also worth pursuing.

In the analysis of the cellular FH-SSMA system in an indoor environment, the 

outputs o f the envelope detectors are sampled every 7  ̂ seconds, which means the 

detection window has a duration of one chip interval. A further investigation on how a 

detection window with a different duration would effect the system performance is worth 

trying.

It is shown in [66] that the performance o f a cellular FH-SSMA system 

employing Viterbi’s technique can be enhanced by a downlink power control strategy. It 

would be interesting to examine how much improvement this strategy can offer to the 

cellular system considered in this dissertation.

In some indoor environments, the channel conditions can be so poor that more 

than one succeeding chips are interfered by the ISI. This situation is worth a study as 

well.
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Appendix A 

Derivation of Equation (3.32)

In this appendix, (3.32) is derived, using a procedure similar to that presented in [28]. 

First, substitute into (3.31) the series expansion [29, p. 5]:

,2k

and then rearrange the order of integration to give

bo m'”jc exp
x~

'T
Y   ̂ r  yk+m-l 
to ^ ^ k ir { k + i) io exp

ro
dydx.

(A.1)

With a simple change of variable and by using the definition of the gamma function:

the integral with respect to /  in (A. 1) can be written as

exp
Yo

dy  = r(/: + m) ro
,k+m

m + 7o
(A.2)

Substituting (A.2) into (A. I), we obtain
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m
m

X r ■> 1 x~
2

^  x~'^V{k + m)
{  1

U  +  roJ ^ 2 * t i r ( ^ + i )
dx. (A.3)

Utilizing the formulas:

and the definition o f the confluent hypergeometric function given by (3.33), we may 

express (A.3) as

Pd =
m

m
f*0
Jo

r ■> 1 x~ c
( -) \  
m- 1-

I  " -+ /< )]
r  1 2(m + Yo)^

dx. (A.4)

Next, apply to (A.4) one of the multiplication theorems for b; z) [30, Eqn.

2.3.17]:

b; zw) = w ^F^ia + n; b; z)
f i= 0

(A.5)

and perform a change o f variable y = x~ /l to give

-
m (/%)*

t=o X:!
1 -

Xo
J^° ̂ ~e  ̂jFj {k + m; 1; y )d y . (A.6)

Finally, using an integral property of the confluent hypergeometric function [30, Eqn. 

3.2.5]:

J ^ - V - \F i ( f l ;  b; z )d z = -^ -^ iF i( l + a; 1 + 6; z).

we arrive at (3.32).
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Appendix B 

Special Case of m = 1

It is shown here that for m = \, (3.32) reduces to the expression for the Rayleigh 

fading case as given by (3.18). By letting m = I and ^ = /i - 1, we can rewrite (3.32) as

Pd = exp S ( - i )
n-1

«=l
A (B.l)

We then employ a recuirence relation for ^f|(a; b; z) [30, Eqn. 2.2.4];

b^F^{a; b; z)-b^F ^(a-I; b; z)-z^F^{a; 6 + 1; z) = 0

to obtain

Pd =exp ^0
oo /  ,

Z - y
n=lV '0

1̂ 1 -I
/i=iV ro

A n + l; 1;
2

(B.2)

Using the multiplication theorem for b; z) given by (A.5), and the fact that

jf[(a; a; z) = e \  

the second summation in the bracket of (B.2) can be written as

w=iv

J _

ro
1̂ 1 n + l; 1; ro

l + 7o
exp ^q/ q

.2(1+ ro ) .
- e x p ^ 0

2
(B.3)
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Letting n = k  + \ and exploiting the multiplication theorem given by (A.5) again, the first 

summation in (B.2) becomes

/l=l ro \

1

1 + ro J
exp ô~Xo 

2(1+To)
(B.4)

Then, substituting (B.3) and (B.4) into (B.2), we obtain (3.18).
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Appendix C

Distributions of &. cos . and sin

In this appendix, it is shown that if and are two independent random variables 

having a Rayleigh and a uniform distribution over [0, 2;r), respectively, then )3^ycos0^y 

and sin are Gaussian distributed.

The PDF of is given by (4.4), and the PDF of is

Combining (4.4) with (C.l), we obtain

(C . l )

Let X = cos (p ĵ and y  = sin . Then, it follows that

Pkj y) = 4^~ +y~ and (p̂ j (x, y) = arctan y /x

Using the relationship [9, Eqn. 2.4-6];

^{Pkj' ^kj)
d{x, y)

0C2)

(C.3)
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where

we obtain

^{Pkp ^kj) 
d{x,

^^kj ^Pkj
dx dy

dx dy

Pxyi^^ y) = :TZ%2 GXPiTccr
x~ + y- 

2cr
(C.4)

where = /3^ j 2 . This is a product of a function of x  times a function o f y , thus the 

random variables x = jS^cos^^ and _y = sin are Independent and Gaussian 

distributed with density functions

2 cr
and p J y )  =

o ^IÏtÎ
exp

2 (T
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Appendix D

Derivation of Equation (4.34)

In this appendix, the derivation of (4.34) is conducted. Since are independent of 

the first expectation in (4.33) can be expressed as

H  i  Ï ( î ;  -  Ti -  cos: L  £  £ £ | ( r ,  -  r, -  r ) -^ l£ { c o s :  ÿ.,}
j= 0  k=0 7 = 0  k=0

= (D .l)
7=0/fc=0^

To simplify the derivation, let us first assume that there is only one cluster, i.e. 

the zeroth cluster. Hence, (D .l) may be written as

+ -  '^io)~Ao} + -  ■^2o)~^2o} + -" ]

~  Jo ^0op{Pqo]^Poq Jo "  ^10) Jo ^ ib ^ (A ok io)^ A of ( ^loK

^ Jo Jtio ~  ^20) Jo ^20^(^20^20 )^^20^( ̂ 201'̂ 10 )^('^lo)^'^20^'^10

(D.2)

where the convention that To = 0 has been invoked. The density functions

f^io
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and are given by (4.3) and (4.4), respectively. Moreover, it can easily be

shown that

(D3)

where P^j is described by (4.5). Substituting (4.3)-(4.5) into (D.2), we obtain

~ ho)~Pko] -  Jo" "  ^10) -Tio A+- dr,

- z .20 V n .

10

dZjQdz^Q + • •

(D.4a)

- 2 T

(D.4b)

As mentioned earlier, each channel parameter is assumed to be within a certain 

range where the delay spread is no larger than one hop period. This implies that the 

subsequent rays (and clusters) will dissipate as (and Tj) approaches 7^. Therefore, 

the integrals with respect to in (D.4b) will produce zeros when evaluated at the upper 

limits. Following this discussion, A in (D.4b) can be evaluated to give



APPENDIX D: DERIVATION OF EQUATION (4.34) 94

+ + r nA 1
2

 ̂ nA
nA + 1 U a + i J ^r/A + 4

(D.5)

Using one o f the definitions of the binomial series expansion available from [67, p. 295], 

we finally obtain

4  = I + A.

Under the same assumption, B in (D.4b) can be evaluated to produce

(D.6)

rjA + 1J t]A +1
+  • (D.7)

Again, exploiting a definition of the binomial series expansion given in [67], we have

B = ttX. (D.8)

Finally, C in (D 4b) may be expressed as

C = A- % £/T,10

Ho ^  ^Ho _|____ 2

=  A-

( ^ + X )  (a + X ) ‘

+ A-2  ,-7 6  ,3  12
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2 A
1 + 3 77A ^ 3(3 + I)T 

TfX +1 y 2!  ̂rjX +1
+  • (D.9)

Utilizing another definition of the binomial series expansion in [67], we obtain

C =  2rj^X.

Substituting (D.6), (D.8) and (D.IO) into (D.4b) results in

(D.IO)

Ï ÿ  f  ft 'o I  = (1 + »)A) -  2T^ r  A + 2 n 'A ]. (D. 11 )
/fc=0̂  '• ■' ^

Now, let us go back to (D .l) where we have accounted for more than one clusters. 

We expand the summation on its right hand side to produce

7=0 k=0

= -  'lO rA o}  + -  ^2o)'^2o} + •••]

- r ,  -r„)-^2 }+£{(r„ -r ,  -  r ,,) % } + . - ]

- h ) ' 0 l 2 } + E { ( T , - h  -  r,,f £{(r, -r, - ]+...}

-̂ 0 ■‘■Jo î h "  ^lo) Jo A 'o^fA o l^ io  ^10 )^^io

îo " 2̂ 0) Iq 2̂oP{p2o\ho)̂ 2̂oP{'̂ 2o\'̂ lo)p{'̂ lo)̂ '̂ 20̂ ]̂

+ [ il"  h  -  ) ' K i p ( 7 i  K

■‘■Jo Jo Jo A~iP (A iK ’

'lO



APPENDIX D: DERIVATION OF EQUATION (4.34) 96

'*’ i o  i r ,  Jo  ^h~^2~ '̂ u) \q P\lP{P\‘:^l' ^12 ^12

•p( T22K12 ]p[ ̂ 12 )p ^ \  )dT22dr^2dT^dT  ̂+•••] + •• - j.

(D.12)

Then, we substitute (4.2)-(4.5) into (D.12) to obtain

S  Î ( î ; - T j -  cos:^  L  W [ 7-: 4. A j j ' (7% -
n f,_n Zy=0 t=0

+  • •
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P .1 3 a)

Tf + z l J I 'k  -  + f t  -  T:o)'

- r , ) - + a / [ ‘ (7; -r , -

f t  -7 ', -

" T j;

k  -7:2 -

\
cfTjdT^

/
+ . . . .

(D.13b)

The series in the first bracket of (D.13b) is identical to that on the right hand side 

of (D.4a). Thus, from (D.l 1), the series can be expressed as

5i=r^-(l+r7A )-2r/,n"A+277^A . (D.14)

The series in the second and the third brackets of (D.I3b) are written in the same format

as the series in (D.4a), and hence can be easily evaluated to give

•̂ 2 = f t  - T;)'(1 + t7A) -  2(7% -7|)77-A + 2r?^A, (D. 15)
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and

^=(7%- r,)-(l + r } \ ) -  2{T„ -  T ,) r j- x + 2 n ^ x . (D.16)

respectively. Substituting (D.14)-(D.16) into (D.l3b), we obtain

+ (2 77̂ A -  27^ A) 1 + A j^  d̂T̂  + A" jJ* + • • •

+2 n-A A j^  + A-1̂ * 7 ) g " ^ W ^ c f T j  + • • •

(D.l 7)

Again, the series In the first bracket of (D. 17) is expressed in the same format as the series 

in (D.4a), whereas the series in the second and the third brackets are similar to those in 

brackets A and B of (D.4b), respectively. Thus, using the results given by (D.6), (D.8), 

and (D.l I), we arrive at (4.34).
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Appendix E

Derivation of Equation (4.35)

To begin with, let us expand the second expectation in (4.33) as follows;

[j=0 k=0
Ë  Z k  +  ' t y +  ^ { ^ o ^ i o } + •••]

+[e{r2^i}+£{(rj + T,J-,3:,}+E|(r, + r .J 'p l}*  ■■■]+■

(E la )

A jl ' f  4- A j;* (r. +
V

A ' r  Tf + A/;* ( r ,  +

dT,
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dT-ŷ dX]-) + dT^dT^ +  • •

(E.lb)

Notice that the series in the first bracket of (E. lb) is identical to that in bracket C 

of (D.4b), while the series in the second and the third brackets are both similar to that in 

(D.4a). Hence, using the results given by (D. 10) and (D.l 1), we obtain

y=0 k=0

+27; n-X + 2 + Î A-jj*

■{T{ (1 + 77 a ) + 27i /]-a + 2 a )dT^dT^ ] + • • j .

(E.2)

The terms on the right hand side of (E.2) can be rearranged to give

X  X k  + ^ki)~PljCOS" 0kj * =
j=0 k=0

+ (1 + 77A) 

+ 2 77“ A 

+ 2  77̂  A

(E.3)

Again, notice that the series in (E.3) are similar to those contained in brackets A,
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B, and C of (D.4b). Therefore, utilizing the results given in Appendix D, we finally 

obtain (4.35).
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Appendix F

Derivation of Equation (4.36)

This appendix derives the expression for as given by (4.36). The total variance S of 

a received signal can be expressed as

[y=0 t=0

Expanding the summation in (F.l) and utilizing (4.2)-(4.5), we have

(F.l)

AjJ* + AA Jj* Jj* ' L ,  ,dT;
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(F.2a)

^ ’’'hPœ 1 + X \l ‘ / [• / dZ2Qdz^Q +

A "g 1 + A + A-Jj'*

■dZ2idZii+"-)dTi]

'» f'» dZj2dZ^2 ---- dT^dT^

(F.2b)

Notice that ali the series in (F.2b) are expressed in the same format as the series in bracket 

A of (D.4b). Thus, utilizing (D.6), we can obtain

and consequently

s= ^ r ;;P l,( \+ n X )( i  + rA ),

^œ  = { î î ? ( > + ') ^ X l  + r A ) j ' ,

(F.3)

(4.36)
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Appendix G 

List of Symbols

b actual threshold level of detector

normalized threshold level of detector 

C total number of cells in the system

variance of lognormally distributed specular component of Rician fading signal 

K  number of bits per message and number of bits per address code word

L number of hops per message symbol

M  number of simultaneous users

m Nakagami fading parameter

N  average noise power

number of hopping channels 

Pg probability of bit error

/g  probability of deletion

Fg probability of chip error

Fp probability of false alarm

Fg probability of symbol error

R data bit rate

coded bit rate 

R^ symbol rate

r code rate
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S  variance of signal

T  signalling period

hop or chip interval 

Tj arrival time of the y th cluster

symbol period 

II amplitude of signal

V envelope of signal

W spread-spectrum bandwidth

w number of ISI hits bearing same signal as reference user

X  message of user

X  number of ISI hits

Y address sequence of user

y  number of symbol hits

Z modulated message sequence of user

z number of symbol hits bearing same signal as reference user

a  average power of multipath component

positive gain of kth  path 

Pî j positive gain of kth path of yth cluster

r  cluster power-delay time constant

y  signal-to-noise ratio

Yq average signal-to-noise ratio

T] ray power-delay time constant

0^ phase shift of ^th path

6/̂ j phase shift of X:th path of yth cluster

A cluster arrival rate

A ray arrival rate

fi mean value of lognormally distributed specular component of Rician fading

signal
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p  Rician factor

T code word duration

propagation delay of the Xrth path 

arrival time of the A: th ray of the yth cluster 

q> phase angle introduced by frequency synthesizer

Q mean-square value of amplitude o f Nakagami fading signal
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Appendix H 

List of Acronyms

AWGN additive white Gaussian noise

BFSK binary frequency shift keying

FEC forward error correction

FH-SS frequency-hopped spread-spectrum

FH-SSMA frequency-hopped spread-spectrum multiple access

FSK frequency shift keying

ISI intersymbol interference

LOS line of sight

PDF probability density function

SNR signal-to-noise ratio




